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ABSTRACT
The r e a c t i o n s  o f  p a r t  per  m i l l i o n  (ppm) l e v e l s  o f  n i t r o g e n  d i o x i d e  
w i th  cyc lohexene  have been s tu d ie d  to se rv e  as a model f o r  the r e a c t io n s  
t h a t  occu r  between n i t r o g e n  d io x id e  in  smoggy a i r  and u n s a tu r a t e d  f a t t y  
a c i d s  in  pulmonary l i p i d s .  P rev ious  s tu d ie s  done a t  h igh  n i t ro g e n  d iox ­
id e  l e v e l s  were confirm ed by th e se  s tu d ie s  w ith  n i t ro g e n  d io x id e  a t  con­
c e n t r a t i o n s  o f  10,000 ppm and h ig h e r .  These show t h a t  n i t r o g e n  d i o x i d e  
r e a c t s  w ith  cyc lohexene  p redom inan tly  by a d d i t io n  to  the double bond; in  
th e  p re sen ce  o f  a i r  o r  oxygen t h i s  a d d i t io n  i n i t i a t e s  th e  a u t o x i d a t i o n  
o f  th e  a lk e n e .  However, a t  low ppm l e v e l s ,  n i t r o g e n  d io x id e  r e a c t s  w ith  
t h i s  a lk e n e  v i r t u a l l y  e x c l u s i v e ly  by a b s t r a c t i o n  o f  a l l y l i c  h y d ro g e n ;  
t h i s  unexpec ted  r e a c t io n  a l s o  i n i t i a t e s  the  a u t o x i d a t i o n  o f  th e  a l k e n e  
i n  th e  p re sen ce  o f  oxygen  o r  a i r ,  b u t  i t  l e a d s  to  th e  p r o d u c t i o n  o f  
n i t r o u s  a c i d  r a t h e r  th a n  an a l k e n e  c o n t a i n i n g  a c a rb o n -b o u n d  n i t r o  
g roup . In l e s s  d e t a i l e d  work, I  have confirm ed th e s e  same r e s u l t s  f o r  
m ethyl o l e a t e ,  l i n o l e a t e ,  and l i n o l e n a t e ,  and have a l s o  s tu d ie d  some o f  
th e  k i n e t i c  f e a t u r e s  o f  th e  n i t r o g e n  d i o x i d e - i n i t i a t e d  a u t o x i d a t i o n  o f  
th e s e  u n s a tu r a t e d  f a t t y  a c i d s .
x i
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1. INTRODUCTION
I .  Background
N itrogen  ox ides  are  u b iq u i to u s  p roduc ts  o f  our environm ent. The 
most abundant, n i t r o u s  oxide (N2 O), i s  a p roduct o f  n a t u r a l  chemical 
r e a c t io n s  in  the  s o i l  t h a t  produce an e s t im a te d  annual g lo b a l  em ission  
o f  54 X IQIO k g . l  N itro u s  oxide i s  no t c o n s id e re d  to  be an a tm ospheric  
p o l l u t a n t  because  i t s  ambient l e v e l s ,  0 .2 5 -0 .2 9  ppm,2 a re  co n s id e red  to 
be harm less  and because  i t  does no t appear to  be invo lved  in  the complex 
chem ica l r e a c t io n s  producing  photochem ical smog.3 B a c t e r i a l  a c t io n  
under an ae ro b ic  c o n d i t io n s  i s  thought to  be the  m ajor source  of the  
o th e r  n a t u r a l l y  o c c u r r in g  n i t r o g e n  o x id e ,  n i t r i c  oxide ( N O ) . 4 The e s t i ­
mated annual g lo b a l  em iss ion  of n i t r i c  oxide i s  45 x 10^0 k g , l  b u t  i t s  
g lo b a l  background c o n c e n t r a t io n s  are  below 10 ppb .5 -8  (Robinson and 
Robbins e s t im a te  th a t  o x id a t io n  o f  n i t r i c  oxide to  n i t r o g e n  d iox ide  
(NO2 ) ,  n i t r a t e  fo rm a t io n ,  and p robab ly  o th e r  mechanisms l im i t  the av e r ­
age re s id e n c e  time of both  n i t r i c  oxide  and n i t r o g e n  d io x id e  to  3 o r  4 
d a y s . ) 9 An a d d i t i o n a l  5 x IQlO kg o f  n i t r o g e n  o x id e s ,  expressed  as 
n i t r o g e n  d io x id e ,  are  produced an n u a l ly  by man-made s o u r c e s . !  T h is  5% 
o f  the  t o t a l  g lo b a l  o u tp u t  o f  n i t r o g e n  oxides  i s  r e s p o n s ib le  fo r  urban 
a i r  p o l l u t io n  because  o f  the h igh  d e n s i ty  of i t s  sources  in  popu la ted  
a r e a s .
Combustion i s  the major man-made source o f  n i t r o g e n  oxide emis­
s io n s .  Motor v e h i c le s  are  the  m ajor mobile source  and account fo r  40% 
o f  the e m is s i o n s .10 Two s t a t i o n a r y  com bustion s o u rc e s ,  e l e c t r i c  
u t i l i t i e s  and i n d u s t r i a l  com bustion , account r e s p e c t i v e l y  fo r  21% and
1
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20% o f  the  e m is s i o n s .10 The i n i t i a l  p roduct of combustion i s  n i t r i c  
ox ide  (Eq. 1-1) which then r e a c t s  w ith  oxygen to  form the more r e a c t i v e  
n i t r o g e n  d io x id e  (Eq. 1 - 2 ) .  The dependence o f  the  r a t e  o f  t h i s  r e a c t io n  
on the square  o f  the  n i t r i c  ox ide  c o n c e n t r a t io n  (Eq. 1-3) r e s u l t s  in  a
Ng + Og ------ > 2 NO (1 -1 )
kg
2 NO + 0 — ^  2 NO g (1 -2 )
d lN O ^l/d t = 2k2[N0]^l02] (1 -3 )
r a p id  change in  r a t e  when the  n i t r i c  oxide c o n c e n t r a t io n  in c r e a s e s .
When th e re  are 1000 ppm n i t r i c  oxide  in  exhaust gases  the r a t e  o f  n i t r o ­
gen d io x id e  fo rm ation  i s  f a s t ;  th e  r a t e  maximizes a t  about 43 ppm/min on 
d i l u t i o n  o f  s ta c k  gases  w ith  about 35% (v /v )  a i r  a t  2 3 °C .H  At the 
normal ambient urban  le v e l  o f  1 ppm n i t r i c  o x id e ,  t h i s  r e a c t io n  i s  v e ry  
slow and i s  l e s s  than  1 .5  x 10-4 ppm/min.3 However, in  s u n l i t ,  p o l lu te d  
a i r ,  n i t r i c  ox ide  can be q u ic k ly  o x id ized  to n i t r o g e n  d io x id e  by r e a c ­
t i o n s  in v o lv in g  hydroperoxy l (Eq. 1 - 4 ) ,  a lk y lp e ro x y l  (Eq. 1 -5 ) ,  and 
ac y lp e ro x y l  (Eq. 1 -6) f r e e  r a d i c a l s . 3
NO + HOG. --------> NO  ̂ + HO. (1 -4 )
NO + ROO.  > NO 2 + RO. (1 -5 )
0 0 
NO + RC-00.  > NO2  + RC-0. (1 -6 )
In c re a s e s  o f  the  c o n c e n t r a t io n s  o f  n i t r i c  ox ides  in  urban a i r  over 
th e  p a s t  20 y e a r s  have prompted much in v e s t i g a t i o n  o f  the  m orpho log ica l 
and chem ical damage caused by th e se  p o l l u t a n t s . 1% In  th e se  s tu d ie s  
n i t r o g e n  d io x id e ,  more than n i t r i c  o x id e ,  has been c h a r a c te r i z e d  to be a
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h ig h ly  damaging, l e t h a l  to x in .  These g e n e ra l  f in d in g s  a re  no doubt r e ­
l a t e d  to  the  r e l a t i v e  r e a c t i v i t y  o f  th e s e  two s p e c ie s .  For example, 
n i t r o g e n  d io x id e  r e a d i l y  r e a c t s  w ith  a lk en es  a t  0°C,13“ 15 b u t  n i t r i c  
ox ide  i s  u n r e a c t iv e  towards most a lk en es  even a t  ambient t e m p e r a t u r e s .16 
Because o f  the  v e ry  low r e a c t i v i t y  o f  n i t r i c  oxide in  o rg an ic  r e a c t i o n s ,  
NO2  has been th e  main s u b je c t  o f  h e a l t h - r e l a t e d  chem ical s t u d i e s .
N itro g en  d io x id e ,  a f r e e  r a d i c a l ,  r e a c t s  w ith  both a lk an es  and 
a lk en es  a t  25°C by f r e e - r a d i c a l  m echanism s.13-20 N itrogen  d io x id e  a lone 
was shown to  cause  pulmonary damage le a d in g  to emphysema,21,22 and both  
th e  n i t r o g e n  d io x id e2 3 -2 3  and the  n i t r i c  oxide26a c i g a r e t t e  smoke may 
c o n t r i b u t e  to  the  r a d ic a l - m e d ia t e d  p ro d u c t io n  of emphysema by smoking. 
For example, i t  i s  known th a t  c i g a r e t t e  smoke t r i g g e r s  a r e s p i r a t o r y  
b u r s t  from macrophages in  lung f l u i d  and in  serum, and hydrogen p erox ide  
i s  among the  p ro d u c ts  o f  th e se  p h a g o c y te s .24 Both n i t r o g e n  d io x id e  and 
n i t r i c  oxide  a re  known to  r e a c t  w ith  hydrogen perox ide  in  gas-phase  smog 
to  produce hydroxy r a d i c a l s  (Eq. 1 - 7 ) . 26b Although the r e a c t i o n s  of
NOg + HOOH -------> HONOg + HO. ( l - 7 a )
NO + HOOH  > HONO + HO. ( l - 7 b )
th e s e  s p e c ie s  in  l i q u i d  s o lu t i o n  have no t been s tu d ie d ,  i t  i s  l i k e l y  
t h a t  th e se  r e a c t i o n s  a re  f a s t  in  condensed media. I f  th e se  r e a c t io n s  
occu r  in  smoke-exposed lu n g s ,  a mechanism fo r the  co n v e rs io n  o f  hydrogen 
p e ro x id e  from macrophages to  the  b i o l o g i c a l l y  damaging hydroxy l r a d i c a l  
e x i s t s . 26a
The r e s u l t s  o f  r e c e n t  work by G o ld s te in ,  e t  a l . , i n d i c a t e  th a t  
th e s e  (Eq. 1 -7 ) o r  s i m i l a r  r e a c t io n s  o f  n i t r o g e n  d io x id e  are  o c c u r r in g
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in  v iv o  to  form w a te r - s o lu b l e  n i t r i t e  or n i t r a t e .  These workers used 
r a d io  la b e l in g  to  show th a t  n i t r o g e n  d io x id e  in h a le d  by p r im ates  i s  not 
l o c a l i z e d  in  th e  lung bu t i s  d i s t r i b u t e d  th roughou t th e  e n t i r e  b o d y . 27
To e x p la in  t h i s  they  sugges t  t h a t  the  r e a c t io n  o f  n i t r o g e n  d iox ide  
w ith  pulmonary w a te r  (Eq. 1 -8) might produce n i t r i t e  and n i t r a t e  ions
2  NOg + HgO ------> HONO + HONOg ( 1 - 8 )
t h a t  e n t e r  th e  b lood s tream . However, I  su g g es t  a l t e r n a t i v e  e x p lan a ­
t i o n s .  One a l t e r n a t i v e  t h a t  has been m entioned i s  the  r e a c t io n  of 
n i t r o g e n  d io x id e  w ith  pulmonary hydrogen pe ro x id e  (Eq. l - 7 a ) .  Another 
a l t e r n a t i v e  i s  t h a t  the  unchanged n i t r o g e n  d io x id e  e n t e r s  the blood 
s tream  and r e a c t s  w ith  hemoglobin to  form a n i t r o g e n  d io x id e - i r o n  com­
p l e x .  28,29 A l t e r n a t i v e l y ,  p r e l im in a ry  d a ta  in  m ice lles^O ^  as w ell as 
th e  in  v iv o  d a t a  o f  Thomas, e t  a l . , 30b show th a t  n i t r o g e n  d iox ide  i n i t i ­
a t e s  l i p i d  p e r o x id a t io n  even in  aqueous sy s tem s. A dd it io n  of n i t r o g e n  
d io x id e  to  u n s a tu r a t e d  f a t t y  a c id s  would produce a l ip id -b o u n d  n i t r o  
g roup ; however, the  h y d ro g e n -a b s t r a c t io n  mechanism sugges ted  here  con­
v e r t s  n i t r o g e n  d io x id e  to  n i t r i t e  ion  th a t  would be c a r r i e d  th roughout 
th e  body.
I I .  Purpose
My r e s e a r c h  stems from my i n t e r e s t  in  n i t r o g e n  d io x id e  as a f r e e -  
r a d i c a l  i n i t i a t o r  o f  pulmonary r e a c t i o n s .  Both in  v i t r o  and in  v iv o  
s t u d i e s  by Thomas, e t  a l . , have shown t h a t  n i t r o g e n  d io x id e  i n i t i a t e s  
th e  a u to x id a t io n  o f  u n s a tu r a te d  f a t t y  a c id s  in  l i p i d s .3 0 b  This l i p i d  
o x id a t io n  p ro cess  i s  known to  d e s t ro y  pulmonary l i p i d s , 30,31 e . g . , 
p h o s p h o l ip id s ,  and to  le ad  to  membrane damage and c e l l  d e a t h . 32-35
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P h o sp h o lip id s  are  composed o f  both s a tu r a t e d  and u n s a tu ra te d  hydro­
carbon c h a in s ,  16 to  20 carbon atoms in  l e n g th ,  and of p o l a r ,  charged 
headgroups such as p h o sp h o ry lch o l in e  or p hosphory lc thano lam ine .36 The 
r e s u l t i n g  m olecu le  has a h y d ro p h i l ic  head and a hydrophobic t a i l .  In  
aqueous s a l t  s o l u t i o n ,  th e se  m olecu les  aggrega te  to  form b i l a y e r s  th a t  
may u l t im a te ly  form m ic e l l e s  and en c lo se  aqueous com partm ents.36 phos­
p h o l ip id s  have a s im i la r  fu n c t io n  in  pulmonary c e l l  w a l l s ;  o x id a t io n  o f  
th e  u n s a tu r a te d  t a i l  groups w i th in  the  nonpo la r  reg io n  o f  the  c e l l  w a ll  
d i s r u p t s  the  c e l l  w a ll  and causes  the c e l l  to  b u r s t .
Though l a t e r  workers such as Menzel, e t  a l . ,37 e la b o ra te d  the 
e a r l i e r  work o f  Thomas, e t  a l . ,30b th e  a c t u a l  mechanism by which 
n i t r o g e n  d io x id e  i n i t i a t e s  o x id a t io n  o f  u n s a tu ra te d  f a t t y  ac id  e s t e r s  
was no t d e f in e d .  One of my g o a ls  was to  c h a r a c te r i z e  n i t r o g e n  d io x id e  
as  a f r e e - r a d i c a l  i n i t i a t o r  of o x id a t io n  by comparing i t s  p r o p e r t i e s  
w ith  those  of w ell  known s o lu t io n -p h a s e  i n i t i a t o r s  such as benzoyl 
p e ro x id e .  K in e t ic  d a ta  for o x id a t io n  o f  the 18 -carbon , u n s a tu ra te d  
f a t t y  ac id  e s t e r s ,  o l e a t e  (1 8 :1 ,  1 double bond), l i n o l e a t e  (1 8 :2 ) ,  and 
l i n o l e n a t e  ( 1 8 :3 ) ,  a re  a v a i l a b l e  fo r  the i n i t i a t o r s  benzoyl perox- 
ide38-40  and a z o - b i s - c y c l o h e x y l n i t r i l e , 4 1  so d i r e c t  comparison of n i t r o ­
gen d io x id e  to  th e se  s o lu t io n -p h a s e  i n i t i a t o r s  is  p o s s ib le .
The chem ical l i t e r a t u r e  in d i c a t e s  th a t  a t  ambient tem p era tu res  and 
h ig h  c o n c e n t r a t i o n s ,  n i t r o g e n  d io x id e  r e a c t s  w ith alkenes  by a d d i t io n  to 
th e  double b o n d  13-15 ,20 ,42  (Eq. 1-9) and w ith  compounds such as c y c lo -  
k.
NO  ̂ + -C=C- (1 -9 )
^2 ( I )
h e x a n e  19 and t o l u e n e  18»^3 y y  a b s t r a c t i o n  o f  hydrogen atoms (Eq. 1-10)
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NOg + R-H -------> HONO + R. (1 -1 0 )
In the  l i q u id  phase a t  0°C, hydrogen a b s t r a c t i o n  has been observed when 
bo th  n i t r o g e n  d io x id e  and c h lo r in e  atoms r e a c t  w ith  cyc lohexene , but 
a b s t r a c t i o n  was not observed when n i t r o g e n  d io x id e  a lone r e a c t s  with 
c y c l o h e x e n e . 14 At 25°C when the p re s s u re  o f  both  gaseous n i t ro g e n  
d io x id e  and a lkene  i s  l e s s  than 10 t o r r ,  a d d i t io n  i s  the  only  p rocess  
r e p o r te d  to  o c c u r . 44 Thus, i t  i s  g e n e r a l ly  assumed th a t  a t  ppm l e v e l s  
i n  smog, n i t r o g e n  d io x id e  i n i t i a t e s  l i p i d  a u to x id a t io n  in  the  lung by 
a d d i t i o n  to  th e  double bonds o f  u n s a tu ra te d  f a t t y  ac id s  (Eq. 1 -9 ) .
A f te r  rev iew  o f t h i s  l i t e r a t u r e ,  my i n i t i a l  assum ption was th a t  
under t y p i c a l  smog c o n d i t io n s  (ppm le v e l s  o f  n i t r o g e n  d iox ide  and h igh  
c o n c e n t r a t io n s  o f  a lkene in  the  condensed phase) n i t r o g e n  d io x id e  would 
r e a c t  w ith  u n s a tu r a t e s  by a d d i t io n  (Eq. 1 -9 ) .  However, in  p re l im in a ry  
work, I  found t h a t  a d d i t io n  was not the on ly  i n i t i a t i o n  mechanism. I  
t h e r e f o r e  re-exam ined  the  mechanism of the r e a c t i o n  between n i t r o g e n  
d io x id e  and a lkenes  by s tu d y in g  a wide range o f  n i t r o g e n  d io x id e  and 
a lkene  c o n c e n t r a t i o n s .  I  found th a t  as r e a c t a n t  c o n c e n t r a t io n s  approach 
th o se  ty p i c a l  o f  smog c o n d i t io n s ,  the  i n i t i a t i o n  mechanism changes from 
p redom inan tly  a d d i t io n  to  p redom inan tly  hydrogen a b s t r a c t i o n  (Eq. 1 -1 0 ) .  
Though th i s  change of mechanism does not a l t e r  the  k i n e t i c s  of o x id a t io n  
i n i t i a t e d  by n i t r o g e n  d io x id e ,  a b s t r a c t i o n  does in t ro d u c e  n i t r o u s  a c id ,  
a p o t e n t i a l  c a rc in o g e n ,  in to  the lung t i s s u e .
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2 . EXPERIMENTAL
I .  I n s t ru m e n ta t io n
A V arian Aerograph S e r ie s  1400 gas chromatograph (GC) equipped  w ith 
a flame io n i z a t i o n  d e t e c to r  was used fo r  q u a n t i t a t i v e  a n a ly se s  o f  o rgan­
i c  m a t e r i a l s .  A V arian Aerograph Model 920 GC equipped w ith a therm al 
c o n d u c t iv i t y  d e t e c to r  was used fo r  q u a n t i t a t i v e  a n a ly se s  of w ater  and 
n i t r o g e n  o x id e s .  A V arian Aerograph Model 200 p rep  GC equipped w ith  a 
the rm al c o n d u c t iv i ty  d e t e c t o r ,  was used to  i s o l a t e  v o l a t i l e  p ro d u c ts  
from r e a c t i o n s  o f  cyclohexene w ith  n i t r o g e n  d io x id e .  O ther in s t ru m e n ts  
used were: a H ew le tt -P a ck a rd  GC-mass sp e c tro m e te r  (GC/MS5985) o p e ra te d
by Don P a t t e r s o n ,  e i t h e r  a V arian  A-60A 60 MHz or a Bruker WP-200 200 
MHz n u c le a r  m agnetic  resonance  (NMR) s p ec tro p h o to m e te r  (The Bruker in ­
s trum en t was o p e ra te d  by M orrie D e l i n g e r . ) ,  and a P e rk in -E lm er  Model 621 
i n f r a r e d  (IR) sp e c tro p h o to m e te r .  A Beckmann 24 sp ec tro p h o to m e te r  eq u ip ­
ped w ith  a C l i n i c a l  S ippe r  Cell® was used fo r  v i s i b l e  and u l t r a v i o l e t  
absorbance m easurem ents.
A 1/8 inch by 10 fo o t  aluminum column packed w ith  10% OV-101 on 
Chromosorb™ W-HP (100-120 mesh) was used to  de term ine  p roduc t c o n c e n t r a ­
t i o n s  th a t  e x i s t e d  a f t e r  the  c y c lo h e x e n e -n i t ro g e n  d io x id e  r e a c t i o n s .
A 1/8 inch  by 10 fo o t  g la s s  column packed w ith 10% SP-2100 on S u p e lc o -  
p o r t ” (100-120 mesh) was used to  de te rm ine  the  benzene, 1 , 3 - ,  and
1 ,4 -c y c lo h e x a d ie n e  c o n c e n t r a t io n s  fo llo w in g  the  n i t r o g e n  d io x id e -d ie n e  
r e a c t i o n s .  A 5 fo o t  by 1 /4  inch  s t a i n l e s s  s t e e l  column packed w ith  
Porapak  Q® (100-150 mesh) was used to  de term ine  the c o n c e n t r a t i o n s  of 
w a te r  and n i t r o g e n  ox ides  fo llo w in g  r e a c t io n s  o f  n i t r o g e n  d io x id e  w ith
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v a r io u s  a lk e n e s .  A 12 fo o t  by 1/8 inch  g la s s  column packed w ith 10% 
DEGS-PS on Supelcoport™ (100-120 mesh) was used to  de term ined  f a t t y  ac id  
e s t e r  c o n c e n t r a t io n s  d u r in g  o x id a t io n  r e a c t io n s  i n i t i a t e d  by n i t ro g e n  
d io x id e .  A 3 /8  inch  by 8 fo o t  aluminum column packed w ith  15% SE-30 on 
Chromosorb” P (60-80  mesh) was used fo r  p r e p a r a t iv e  s e p a r a t io n  o f  v o la ­
t i l e  p ro d u c ts  o f  the c y c lo h e x e n e -n i t ro g e n  d io x id e  r e a c t i o n s .  A S pectra  
P h y s ic s  A utolab System I  computing i n t e g r a t o r  was used to  de term ine  GC 
peak a re a s  and c a l c u l a t e  m olar q u a n t i t i e s  o f  s u b s t r a t e s  and p roduc ts  
from a l l  r e a c t i o n s .
I I .  Chemicals And Reagents
A c e t ic  A c id , g l a c i a l ,  from A l l i e d  Chemical Company, was d i s t i l l e d  
from phosphorus p e n to x id e  b e fo re  u s e . 45
A c t iv a te d  C h a rc o a l , 6 to  14 mesh, was o b ta in ed  from F is h e r  S c i e n t i ­
f i c  Company.
3-Brom ocyclohexene, 95+% by GC, was o b ta in ed  from F a i r f i e l d  Chemi­
c a l  Company.
Calcium H y d r id e , 95+%, -4  to  40 mesh, was o b ta ined  from A ld r ich  
Chemical Co. .
1 , 5 ,9 -C y c lo d o d e c a t r ie n e , 98%, a m ix tu re  o f  i so m e rs , was o b ta ined  
from Columbian Carbon Company.
1 .3 -C y c lo h e x a d ie n e , 98%, p lus  2% benzene by GC, was o b ta in ed  from 
Chemical Samples Company and used w ith o u t f u r th e r  p u r i f i c a t i o n .
1 .4 -C y c lo h e x a d ie n e , 99%, p lus  1% benzene by GC, was o b ta in ed  from 
Chemical Samples Company and used w ith o u t f u r th e r  p u r i f i c a t i o n .
C y c lo h e x a n o l , 100% by GC a n a l y s i s ,  was o b ta in e d  from M a ll in c k ro d t  
Chemical C o ..
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C yclohexene , c a . 99%, A ld r ich  Chemical Company, was d i s t i l l e d  in 
th e  p resence  o f  sodium, under n i t r o g e n ,  through a 1 .5  fo o t  by 20 mm OD 
g la s s  column packed w ith  g la s s  beads .  The f i r s t  two 50 mL f r a c t io n s  of 
250 mL c o n ta in e d  enhanced c o n c e n t r a t io n s  ( c a . 1.2% by GC) o f  two im puri­
t i e s .  The f i n a l  two f r a c t i o n s  c o n ta in ed  99.8% cy c lo h ex en e .  NMR a n a ly ­
s i s  (u n p u b lish e d  spectrum  # 9 -20 -79 -1 )  o f  a  n i t r a t i o n  p roduc t ( i s o l a t e d  
by prep GC) o f  u n d i s t i l l e d  cyclohexene su g g es ts  t h a t  the  the  l a r g e r  im­
p u r i t y  i s  1 -m e th y lc y c lo p e n te n e . )
2 -C y c lo h e x e n o l , 96% (4% 2-cyclohexenone by GC), bp 164-66°C, was 
o b ta in e d  from A ld r ic h  Chemical Company and used w ith o u t f u r th e r  p u r i f i ­
c a t io n .
2 -C yclohexenone, 97% (3% 2-cyc lohexeno l by GC), bp 168°C, was ob­
t a in e d  from A ld r ic h  Chemical Company and used w ithou t f u r th e r  p u r i f i c a ­
t i o n .
Cyclohexyl N i t r i t e , c a . 80% y ie ld  by GC a n a l y s i s ,  was s y n th e s iz e d  
from cyc lohexano l and n i t r o u s  ac id  acco rd ing  to  a p rocedure  g iven  in 
O rganic  S y n t h e s i s . 46 F u r th e r  p u r i f i c a t i o n  by p r e p a r a t iv e  GC ( to  90% 
n i t r i t e )  p receded  NMR a n a l y s i s  (u n p u b lish e d  spectrum  # 1 0 -2 3 -7 9 -2 ) .
D icy c lo h ex y la m in e , 99%, was o b ta in ed  from A ld r ic h  Chemical Company 
and used w ith o u t  f u r t h e r  p u r i f i c a t i o n .
E th a n o l , b u lk  s o lv e n t ,  95%, was used w ith o u t f u r t h e r  p u r i f i c a t i o n .  
A bso lu te  e th a n o l ,  U.S. I n d u s t r i a l  Chemicals Co., was used w ithou t f u r ­
t h e r  p u r i f i c a t i o n
E th y l E t h e r , a b s o lu t e ,  r e a g e n t  ACS, was o b ta in e d  from Matheson, 
Coleman, and B e l l .
H exanes, A .C.S. r e a g e n t ,  a m ix tu re  o f  isomers from A ld r ic h  Chemical 
Company, was washed w ith  c o n c e n tra te d  s u l f u r i c  ac id  u n t i l  no d i s c o l o r a ­
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t i o n  o f  the a c id  was observed ( u s u a l ly  a f t e r  about 3 w ash in g s ) .  The 
t r e a t e d  hexane was then  washed once w ith  w a te r ,  washed tw ice w ith  aque­
ous sodium b ic a rb o n a te  s o l u t i o n ,  washed again  w ith  w a te r ,  p re d r ie d  with 
magnesium s u l f a t e ,  and f i n a l l y  d i s t i l l e d  in  the  p resence  o f  ca lc ium  
h y d r id e .
H exadecane, 99%, mp 17-18°C, was o b ta ined  from M atheson, Coleman, 
and B e l l .
1 -H exadecene, 93% by GC, was o b ta in ed  from G ulf O il  C o rp o ra tio n  and 
used w ithou t f u r t h e r  p u r i f i c a t i o n .
H ydroquinone, mp 172-4°C, was o b ta in ed  from M atheson, Coleman, and 
B e l l  and used w ith o u t f u r th e r  p u r i f i c a t i o n .
Hydroxylamine H y d ro c h lo r id e , 97%, mp 155-57°C (decom poses), was 
o b ta in e d  from A ld r ic h  Chemical Co..
IsoAmyl N i t r i t e , p r a c t i c a l  grade from Eastman, was p u r i f i e d  by prep 
GC (>95%) and used fo r  com parative  NMR (u n p u b lish ed  spectrum  #10-19-79- 
3) s t u d i e s .
L in o le ic  Acid ( 1 8 :2 ) ,  m ethy l e s t e r ,  99+% by GC, from Sigma Chemical 
Company, was p u r i f i e d  by p as s in g  a hexane s o lu t io n  of the e s t e r  th rough  
a column of s i l i c a  g e l .  The 18:2 was recovered  by e v a p o ra t io n  of the 
hexane w ith  a n i t r o g e n  s tream . However, s ince  the  r a t e  of n i t r o g e n  
d i o x i d e - i n i t i a t e d  o x id a t io n  of 18:2 was the same fo r  both  the s i l i c a  
g e l - t r e a t e d  and u n t r e a te d  e s t e r ,  the  commercial m a te r i a l  was used w i th ­
ou t p u r i f i c a t i o n  in  subsequent r e a c t io n s  i n i t i a t e d  by n i t ro g e n  d io x id e .
L in o le n ic  Acid ( 1 8 :3 ) ,  m ethy l e s t e r ,  99+% by GC, was o b ta in ed  from 
Sigma Chemical Company. (See L in o le ic  Acid fo r  t r e a tm e n t . )
Magnesium S u l f a t e , anhydrous powder, AR®, was o b ta in ed  from M a l l in -  
c k r o d t .
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M ethano l, 99+%, bp 6 4 .6 ° C, sp ec tro p h o to in e tr ic  g rad e ,  GOLD LABEL™, 
was ob ta in ed  from A ld r ic h  Chemical Company.
N -(1 -N ap h th y l) -e th y le n e d ia m in e  d ih y d ro c h lo r id e  was o b ta in ed  from 
Sigma Chemical Company and used w ithou t f u r th e r  p u r i f i c a t i o n .
1 -N ap h th o l , t e c h n ic a l  g rade ,  Sargent-W elch , was sublimed b e fo re
u se .
N i t r i c  Oxide (NO), >̂ 99%, was o b ta in e d  from Matheson and used w ith ­
ou t  f u r th e r  p u r i f i c a t i o n .  P o s s ib le  im p u r i t i e s  were not l i s t e d .
N i t ro c y c lo h e x a n e , 98% by GC a n a l y s i s ,  A ld r ich  Chemical Company, was 
used fo r  com para tive  NMR (u n p u b lish e d  spectrum  #10-19-79-2) s t u d i e s .
N i t r o g e n , UHF ( U l t r a  High P u r i t y ) ,  99.999%, was o b ta in ed  from 
Matheson.
N itro g en  D ioxide (NO2 ) , was g en e ra ted  from d in i t r o g e n  t e t r o x -  
id e ,  99.5%, o b ta in e d  from Matheson. The d in i t r o g e n  t e t r o x id e  se a le d  in  
perm ea tion  tubes  (d e s c r ib e d  below) f o r  ppm le v e l s  of n i t r o g e n  d io x id e  in  
a c a r r i e r  gas was used w ith o u t f u r t h e r  t r e a tm e n t .  D in i t ro g e n  t e t r o x id e  
s to r e d  in  g la s s  b u lb s  (d e s c r ib e d  below) and used in  experim en ts  r e q u i r ­
ing  g r e a t e r  than  ppm l e v e l s  in  a c a r r i e r  gas s tream  was t r e a t e d  as f o l ­
low s. L iqu id  d in i t r o g e n  t e t r o x id e  was s to re d  o v e rn ig h t  w ith  phosphorus 
p en to x id e  in  a s e a le d  f l a s k .  The d r ie d  d in i t r o g e n  t e t r o x id e  was f rozen  
w ith  dry i c e , and the  f l a s k  was evacuated  to  remove gases  such as n i t r i c  
ox ide  and oxygen. The r e s e a l e d  f l a s k  was warmed to  10-15“C to l i q u i f y  
th e  d in i t r o g e n  t e t r o x i d e  and a llow  d is s o lv e d  gases  to excape; th e  d i n i ­
t ro g e n  t e t r o x i d e  was r e f r o z e n  and th e  f l a s k  evacuated  a second tim e. 
A f te r  a t h i r d  c y c le  o f  th e se  s te p s  the  d in i t r o g e n  t e t r o x id e  was vacuum 
t r a n s f e r r e d  fo r  s to ra g e  to  a bulb c o n ta in in g  phosphorus p e n to x id e .
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N itro u s  Oxide (N2 O ), 99%, was o b ta in e d  from Matheson and used 
w ith o u t  f u r t h e r  p u r i f i c a t i o n .
n -O c ta n e , 99+%, bp 125-27“C, GOLD LABEL™ from A ld r ic h  Chemical Com­
pany, was washed w ith  s u l f u r i c  ac id  and d i s t i l l e d  b e fo re  use (see  hex­
anes)  .
O le ic  Acid ( 1 8 :1 ) ,  m ethy l e s t e r ,  99+% by GC, was o b ta in e d  from 
Sigma Chemical Company and used w ith o u t  f u r t h e r  p u r i f i c a t i o n .
P a llad iu m  on C h a rc o a l , 10%, was o b ta in ed  from V entron C o rp o ra t io n .
P a lm i t i c  Acid ( 1 6 :0 ) ,  m e thy l e s t e r ,  99+% by GC, was o b ta in e d  from 
Sigma Chemical Company.
P hosphoric  A c id , 85%, was o b ta in e d  from J .T .  Baker Chemical Com­
pany.
Phosphorus P e n to x id e , AR r e a g e n t ,  was o b ta in e d  from M a l l i n c k r o d t .
2 -P ro p a n o l , b u lk  s o lv e n t ,  was p r e d r ie d  by r a p id  d i s t i l l a t i o n  from 
CaSO^. I t  was then  r e f lu x e d  over magnesium tu r n i n g s ,  and then d i s ­
t i l l e d  slowly.45 Only the  f r a c t i o n  d i s t i l l i n g  above 82°C was used 
i n  the  io d o m etr ic  d e te rm in a t io n  o f  p e ro x id e s  d e sc r ib e d  below.
S i l i c a  G e l , s u i t a b l e  fo r  column chrom atography, 60-200 mesh, was 
o b ta in e d  from the  J .T .  Baker Chemical Company.
S i l i c a  Gel ( f o r  d ry in g  c a r r i e r  g a s ) ,  a c t i v a t e d  grade H, type IV, 
6-16 mesh, w ith  a m o is tu re  i n d i c a t o r  (T el-T ale™ ), was o b ta in e d  from 
Davison Chemical Company.
S i l v e r  N i t r a t e , 99+%, was o b ta in ed  from P f a l t z  and B auer.
Sodium A c e t a t e , anhydrous , 99%, mp >300°C, was o b ta in e d  from A l­
d r i c h  Chemical C o ..
Sodium B ic a rb o n a te , r e a g e n t  powder, was o b ta in e d  from the  J .T .
Baker Chemical Company.
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Sodium I o d id e , rea g e n t  g rad e ,  was o b ta in ed  from M atheson, Coleman, 
and B e l l .
S t e a r i c  Acid ( 1 8 :0 ) ,  m ethyl e s t e r ,  99+% by GC, was o b ta in ed  from 
Sigma Chemical Company and used w ith o u t f u r th e r  p u r i f i c a t i o n .
S u l f a n i l a m id e , mp 1 6 4 .5 -1 6 6 .5°C, was o b ta in ed  from M atheson, Cole­
man, and B e l l  and used w ith o u t f u r t h e r  p u r i f i c a t i o n .
S u l f u r i c  A c id , 95-97%, E le c t r o n ic  Grade™, was o b ta in ed  from E . I .  
DuPont De Nemours and Company.
Thymol, U .S . ? . ,  was o b ta in ed  from M a ll in c k ro d t  and used w ith o u t 
f u r t h e r  p u r i f i c a t i o n .
d , l - a lp h a -T o c o p h e ro l  (V itam in E ) , was o b ta in ed  from the Roche Chem­
i c a l  Company and used w ithou t f u r t h e r  p u r i f i c a t i o n .
T o lu e n e , r e a g e n t  ACS, s u i t a b l e  fo r  s p e c tro p h o to m e tr ic  u se ,  was ob­
t a in e d  from M atheson, Coleman, and B e l l  and used w ith o u t f u r th e r  p u r i f i ­
c a t i o n .
2 , 4 , 6 - T r im e th y lp h e n o l , 99%, mp 6 8 -7 1 'C , was o b ta in ed  from A ld r ic h  
Chemical Company and used w ithou t f u r t h e r  p u r i f i c a t i o n .
T r ip h e n y lp h o s p h in e , mp 80-81°C from Matheson, Coleman, and B e l l ,  
was r e c r y s t a l i z e d  tw ice from e th a n o l  b e fo re  u se .
A l l  o th e r  chem ica ls  used were re a g e n t  grade or b e t t e r .
I I I .  A p p a ra tu s ,  P ro c e d u re s ,  And A nalyses
A. N itro g en  D ioxide G en e ra t io n
C a r r i e r  Gas P r e p a r a t io n .  The c a r r i e r  gases  used were a i r ,  oxy­
gen , n i t r o g e n ,  and U l t r a  High Purity™ n i t r o g e n  from h ig h  p re s s u re  gas 
c y l in d e r s  o r ,  fo r  most cases  in  which a i r  was used , a i r  from an i n -  
h o u se ,  c o m p re ss e d -a i r  l i n e .  The a i r  from the  house l i n e  was f i l t e r e d .
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passed  th rough  a c t i v a t e d  c h a rc o a l ,  and p re d r ie d  w ith  in d i c a t in g  s i l i c a  
g e l  (F ig .  2 -1 )  . (The a c t i v i t y  o f  c h a rc o a l  i s  r a p id l y  degraded by mois­
t u r e ;  th e  m o is t  a i r  should  have been d r ie d  b e fo re  e n te r in g  the c h a rc o a l-  
f i l l e d  c y l i n d e r . )  The t r e a t e d  house a i r  flowed c o n t in u o u s ly  through the 
lo w - le v e l  g e n e r a to r  between experim en ts  to  p rev en t the n i t r o g e n  d iox ide  
c o n c e n t r a t i o n  from exceed ing  ppm l e v e l s .  P r io r  to  an experim en t,  the 
t r e a t e d  house a i r ,  or  o th e r  gas o f  c h o ic e ,  was passed through a t r a p  
co o led  by d ry  ice  and ace tone  to  remove any t r a c e s  of w a te r .  A ll  gases 
from c y l in d e r s  were t r e a t e d  on ly  by p ass in g  them through the d ry - ic e  
t r a p .  When t r e a t e d  as o u t l in e d  above, a i r  from both  the  house l i n e  and 
c y l in d e r s  gave e q u a l ly  long in d u c t io n  phases p reced ing  r a p id  au to x id a -  
t i o n  of methyl l i n o l e a t e  (1 8 :2 )  and methyl l i n o l e n a t e  ( 1 8 :3 ) .  This in ­
d ic a te d  the  absence o f  any i n i t i a t o r s  in  the  a i r  s tream  s ince  a u to x id a -  
t i o n  o f  both  o f  th e se  p o ly u n s a tu ra te s  i s  r e a d i l y  i n i t i a t e d  by p ro -o x i ­
d a n ts  such as n i t r o g e n  d io x id e  and ozone.
N it ro g e n  D iox ide  S o u rces .  Perm eation  tubes  m odified  from a 
d e s ig n  d e s c r ib e d  by O 'K eeffe  and Ortman^b were used to  g en e ra te  
n i t r o g e n  d io x id e  c o n c e n t r a t io n s  0.5%. My d es ig n  was composed o f  a 2-3 
cm le n g th  o f  Teflon® tu b in g  (FEP Teflon®, f lu o r i n a te d  e th y le n e -p ro p y le n e  
r e s i n ,  DuPont) 5 mm ID by 6  mm OD, connected  to  two le n g th s  of 3 mm OD 
p y rex  tu b in g  (F ig .  2 -2 ,  n i t r o g e n  d io x id e  excapes through the Teflon® ). 
The open ends o f  the  pyrex tu b in g  were f l a i r e d  to  6  mm to  p reven t le ak ­
age around th e  s e a l s  and fo rce  perm eation  o f  n i t r o g e n  d io x id e  through 
th e  Teflon®. One o f  th e  5 mm pyrex tubes  was s h o r t ,  about an in c h ,  and 
s e a le d  a t  one end to  se rv e  as a p lug . The o th e r  5 mm tube was sea led  to 
a lo n g e r  tube  o f  l a r g e r  d ia m e te r ,  8  mm, to  form a l i q u id  d in i t r o g e n  
t e t r o x i d e  r e s e r v o i r  (F ig .  2 - 2 ) .
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C y l i n d e r  G a s e s
Input A I R ,  h o u s e  l i n e
A c t i v a t e d  C h a r c o a l
S i l i c a  G e l
S i l i c a  G e l




F ig u re  2 -1 .  The ap p a ra tu s  used fo r  c le a n in g  an d /o r  d ry in g  c a r r i e r  g a s e s  
when a flow ing c a r r i e r  gas was used in  an e x p e r im e n t  ( b o th  
w ith  and w ithou t n i t r o g e n  d i o x i d e ) .
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F igure  2 -2 .  A n i t ro g e n  d io x id e  perm eation  tube made o f  two g l a s s  tu b e s  
connec ted  by Teflon® tu b in g .  N itro g en  d io x id e  perm eates the 
porous Teflon® a t  the  gap between the  g la ss -T ef lo n ®  s e a l s .
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B efore  th e  r e s e r v o i r s  o f  the  perm eation  tubes  were f i l l e d ,  £ a .  0 .5  
g o f  phosphorus pen to x id e  was added to  each r e s e r v o i r .  (The phosphorus 
p en to x id e  removes w ater  in t ro d u c e d  d u ring  f i l l i n g . )  Im m ediately  a f t e r  
th e  phosphorus p e n to x id e  was added, th e  tubes  were immersed in  an i c e -  
w a te r  s lu sh  and f i l l e d  w ith  l i q u i d  d in i t r o g e n  t e t r o x i d e  d i r e c t l y  from 
i t s  c y l in d e r .  The p reassem bled  le n g th s  o f  Teflon® and s h o r t  g la s s  
tu b in g  were then  jo in e d  to  the  r e s e r v o i r s ,  and the  f in i s h e d  perm eation  
tu b e s  were a llow ed to  warm to  room te m p e ra tu re ,  £ a .  23-25°C. A f te r  r e ­
m a in ing  a t  room te m p era tu re  o v e rn ig h t ,  those  tubes  w ith  on ly  perm eation  
l e a k a g e ,  i . e . , n i t r o g e n - d io x id e  lo s s e s  l e s s  than  a few m i l l ig r a m s ,  were 
p la c e d  in  a th e rm o s ta te d ,  g l a s s  v e s s e l  ( d e s c r ib e d  below) fo r  experimen­
t a l  u se .  When th e  two open ends o f  the  g la s s  perm eation  tube a re  b u t te d  
t o g e th e r  as c lo s e  as p o s s i b l e ,  a  minimum le n g th  o f  Teflon® tu b in g  ( c a . 2 
mm) i s  in c o n ta c t  w ith  the  d in i t r o g e n  t e t r o x i d e .  The perm eation  r a t e s  
o f  th e se  tu b e s ,  e q u i l i b r a t e d  fo r  2 d a y s ,  were £ a .  0 .2  m g/hr a t  35°C.
When th e re  was a 4-5 mm gap between the  ends o f  the g la s s  tu b in g ,  the
perm eation  r a t e s  were about one rag/hr.
The perm ea tion  tubes  were c o n t in u o u s ly  s to re d  in  two 1 .5  L, g la s s  
v e s s e l s  (F ig .  2 -3 )  p a r t i a l l y  immersed in  a 35 .0°C  w ater  b a th .  The ves­
s e l s  were d es igned  to  a l low  a c a r r i e r  gas to  be passed  th rough  them from
bottom  to top so t h a t  ppm l e v e l s  o f  n i t r o g e n  d io x id e  were m a in ta in ed  in
th e  e f f l u e n t  gas s tream . C o n c e n t ra t io n s  above 8-10 ppm n i t r o g e n  d io x id e  
were m a in ta in ed  by v a ry in g  th e  number o f  perm eation  tubes  in  one o f  the 
s to r a g e  v e s s e l s  a t  a maximum gas flow r a t e  o f  300 ^  30 mL/min. For con­
c e n t r a t i o n s  below 8 - 1 0  ppm, h ig h e r  gas flow r a t e s  were used w ith  one 
p erm eation  tube in  one o f  the  s to r a g e  v e s s e l s ,  bu t the  e f f l u e n t  gas 
s tream  was s p l i t .  One p a r t  o f  th e  s tream  went to  the b u b b le r  a t  a max-
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gas outlet
1 6 /9  ball joint
50/50
gas Inlet &==
1 2 / 5  ball Joint f  ✓
thermostated
F ig u re  2 -3 .  A r e p r e s e n t a t i o n  o f  a 1 .5  L v e s s e l  in  which n i t r o g e n  d iox ide  
perm ea tio n  tubes  were s to r e d .  The v e s s e l  was p a r t i a l l y  sub­
merged in  a c o n s ta n t  te m p era tu re  ba th  to  m a in ta in  a c o n s ta n t  
r a t e  o f  d i f f u s i o n  o f  n i t r o g e n  d io x id e  i n t o  th e  c a r r i e r  gas 
s tre a m .
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imum of 300 mL/min; the  excess  flow went to  the hood. To a ssu re  a con­
s t a n t  tem p era tu re  w ith in  the  s to ra g e  v e s s e l s  a t  a l l  gas flow r a t e s ,  the  
i n l e t  gas was p reh ea ted  to  3 5 .0 “C by p ass in g  i t  th rough a s p i r a l  of 6  mm 
OD pyrex  tu b in g  wound around the o u ts id e  o f  the v e s s e l s .
F ig u re  2-4 shows the  ap p ara tu s  used to  g en e ra te  gas-phase  n i t r o g e n
d io x id e  c o n c e n t r a t io n s  g r e a t e r  than  1% in  the  c a r r i e r  s tream . This 
a p p a ra tu s  c o n s i s t s  sim ply o f  a g la s s  bulb with a v a lv e  having  a g la s s  
v a lv e  stem w ith  Teflon®, 0 - r in g  s e a l s  in  c o n ta c t  w ith  the  n i t r o g e n  d iox ­
i d e .  The r a t e  o f  lo s s  o f  n i t r o g e n  d io x id e  and d in i t r o g e n  t e t r o x id e  from 
th e  b u lb ,  and thus  the  c o n c e n t r a t io n  o f  n i t r o g e n  d io x id e  in  the  c a r r i e r  
s t re a m ,  can be c o n t r o l l e d  by v a ry in g  both  the  v a lv e  opening and the  tem­
p e r a tu r e  o f  the  b u lb .  I  determ ined  th a t  w ith  the v a lv e  wide open, 25-
28°C i s  the  maximum tem pera tu re  range in  which s te a d y ,  c o n t r o l l e d  flow
o f  d in i t r o g e n  t e t r o x i d e  can be m a in ta in e d .  Above th e se  te m p e ra tu re s ,  
th e  l i q u id  b o i l s  e r r a t i c a l l y ,  'bumping' r a t h e r  than b o i l i n g  smoothly. I  
a l s o  found th a t  a t  a bulb  tem pera tu re  of 0°C, the r a t e  o f  lo s s  of n i t r o ­
gen d io x id e  from the  bulb i s  s u f f i c i e n t l y  slow th a t  lower d e l iv e r y  r a t e s  
a r e  more e a s i l y  g en e ra te d  by means o f  the perm eation  tu b e s .
B. R eac tio n  o f  Cyclohexene w ith  N itrogen  Dioxide
a .  A ppara tus  and p ro c e d u re .  For experim ents  in  which the  gas-phase  
n i t r o g e n  d io x id e  c o n c e n t r a t io n  was v a r i e d ,  the  l iq u id -p h a s e  c o n c e n tra ­
t i o n  of cyclohexene was 6 . 6  M in hexane ( c a . 60% cyclohexene v / v ) .  S ix 
t o  e ig h t  mL o f  cyclohexene-hexane s o lu t io n  were p laced  in  the  b ubb le r  of 
th e  assembled a p p a ra tu s  shown in F igure  2 -5 .  Hexane was used in  th i s  
p r o p o r t io n  in  o rd e r  to  p rov ide  a more v o l a t i l e  l i q u i d  t h a t  would evapo­
r a t e  f a s t e r  than  cyclohexene and slow i t s  r a t e  o f  l o s s .  Cyclohexene









T h e r m o s ta te d
F ig u re  2 -4 .  The a p p a ra tu s  used to  g e n e r a te  g a s - p h a s e  n i t r o g e n  d i o x i d e
c o n c e n t r a t io n s  o f  about 1 % and g r e a t e r ,
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F ig u re  2 -5 .  The com ple te  a p p a ra tu s  used to  s tu d y  th e  n i t r o g e n  d io x id e  and a u t o x id a t i o n  r e a c t i o n  p ro d u c ts  
formed by cyc lohexene  and the  th r e e  u n s a tu r a t e d  f a t t y  a c id  e s t e r s .
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a lone  foams under the  c o n d i t io n s  o f  r e a c t i o n ,  bu t a s a tu r a t e d  h y d ro ca r­
bon d i l u e n t  s to p s  the foaming.
P r i o r  to  p la c in g  th e  s u b s t r a t e  s o lu t i o n  in  the  b u b b le r ,  the appara­
tu s  was f lu s h e d  w ith  the  d e s i r e d  c a r r i e r  gas a t  80-100 mL/min, and the  
d r y - i c e  condenser  was co o led .  For r e a c t i o n s  o f  s h o r t  d u ra t io n  ( l e s s  
than  2  h) run  a t  h igh  n i t r o g e n  d io x id e  c o n c e n t r a t i o n s ,  the condenser was 
coo led  w ith  d ry  ic e  in  ace tone  to  -7 8 ° C. E v ap o ra tio n  o f  cyclohexene was 
m easured a t  5-10% depending  on the  run t im e .  For longer  r e a c t io n  t im e s ,  
i t  was more conven ien t  to  cool the  condenser w ith  the  probe o f  a Cryo- 
Cool® r e f r i g e r a t i o n  u n i t .  Model CC60 from N eslab  In s t ru m e n ts ,  I n c . .  The 
minimum te m p e ra tu re  reached  w ith  the  r e f r i g e r a t i o n  u n i t  in  my p a r t i a l l y  
i n s u l a t e d  a p p a ra tu s  was -35° to  - 4 0 ° C. At t h i s  te m p e ra tu re ,  g r e a t e r  
s u b s t r a t e  e v a p o ra t io n  o ccu rred  d u ring  o v e r -n ig h t  ex p e r im en ts ,  bu t 60-80% 
o f  the  s u b s t r a t e  s o l u t i o n  remained du ring  the  lo n g e s t  runs o f  14 to  16 h 
a t  76 ppm NO2 .
When the  bu lb  o f  F ig u re  2-4 was the n i t r o g e n  d io x id e  so u rc e ,  the  
cyclohexene  s o lu t i o n  was added to  the b u b b le r  th rough  the  p recoo led  con­
d e n se r  w h ile  o n ly  the  c a r r i e r  gas was f lo w in g .  F ive  m inutes were a l lo w ­
ed fo r  the  s u b s t r a t e  s o lu t i o n  to  be s a tu r a t e d  w ith  the c a r r i e r  gas and 
to  be warm to the  w ater  b a th  tem p era tu re  (30 .1°C ) b e fo re  the va lve  o f  
th e  n i t r o g e n  d io x id e  bu lb  was opened. A f te r  an e s t im a te d  volume of 
d in i t r o g e n  t e t r o x i d e  was t r a n s f e r r e d ,  the  v a lv e  was c lo s e d ,  and time was 
a llow ed  (20-30 min) f o r  the  co n n ec tin g  l i n e s  and r e a c t io n  s o lu t i o n  to  be 
purged o f  u n re a c te d  n i t r o g e n  d io x id e .  The preweighed d in i t r o g e n  t e t r o x ­
id e  bu lb  was th en  rew eighed to  de te rm ine  the  mass o f  d in i t r o g e n  t e t r o x ­
id e  a c t u a l l y  t r a n s f e r r e d .  The n i t r o g e n  d io x id e  which escaped the  b u lb ,  
b u t  which was no t absorbed  by r e a c t i o n  w ith  a lk e n e ,  was trapped  (F ig .
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2 -5 ,  see p rocedure  be low ). The amount o f  n i t r o g e n  d io x id e  r e a c t in g  w ith  
cyclohexene was de term ined  by s u b t r a c t i n g  the  t ra p p e d ,  u n reac ted  n i t r o ­
gen d io x id e  from the t o t a l  amount t r a n s f e r r e d  from the  bu lb .
D uring the  f i n a l  pu rg ing  p ro c e s s ,  the  r e a c t io n  s o lu t io n  tem pera tu re  
remained a t  30°C. The s o lu t io n  was then cooled to  0°C and t r a n s f e r r e d  
to  a 10 mL v o lu m e tr ic  f l a s k  in an ic e  b a th .  While in  the  ice  b a th ,  the  
b u b b le r  was r in s e d  tw ice  w ith  1-2 mL a l i q u o t s  o f  e i t h e r  e th y l  e th e r  or a 
m ix tu re  o f  equa l p a r t s  o f  methanol ( to  u l t i m a t e l y  co n v er t  n i t r i t e  e s t e r  
to  a l c o h o l 1 ^ )  and e th y l  e t h e r  (needed to  a id  in  d i s s o l u t i o n  of pro­
d u c ts  a t  0°C). Once coo led  to 0°C, th e se  a l i q u o t s  were added to  the 
o r i g i n a l  r e a c t i o n  s o l u t i o n .  Toluene was added as the  i n t e r n a l  s tan d a rd  
fo r  p ro d u c ts ,  and o c tane  was added as the i n t e r n a l  s ta n d a rd  fo r  cyc lo ­
hexene . GC a n a ly se s  were run  as soon as p o s s ib le  a f t e r  the s o lu t io n s  
were made. Repeated a n a ly se s  over s e v e ra l  days showed th a t  a t  room tem­
p e r a t u r e ,  2 -c y c lo h e x e n y l  n i t r a t e ,  i f  p re s e n t  in  a s o lu t io n  c o n ta in in g  
m e th an o l,  decomposed w ith in  24 h .  R e f r ig e r a t i o n  extended th i s  time to  
2-3 d ay s .  A ll  o th e r  p ro d u c ts  were s t a b l e  fo r  a t  l e a s t  2-3 days a t  room 
te m p e ra tu re ,  and they  were s t a b l e  fo r  s e v e ra l  weeks i f  t h e i r  s o lu t io n s  
were r e f r i g e r a t e d .
At g a s -p h ase  n i t r o g e n  d io x id e  c o n c e n t r a t io n s  r e q u i r i n g  perm eation  
tu b e s ,  0.5% and below, th e  n i t r o g e n  d io x id e  source shown in  F ig .  2-3 was 
used in  p la ce  o f  the bulb  shown in  F igure  2 -5 .  Follow ing  e q u i l i b r a t i o n  
a t  the  d e s i r e d  n i t r o g e n  d io x id e  c o n c e n t r a t i o n ,  r e a c t io n  was i n i t i a t e d  by 
a d d i t i o n  o f  cyclohexene  s o lu t i o n  to  the  b u b b le r  w hile  the n i t r o g e n  d io x -  
i d e - c a r r i e r  s tream  was f lo w in g .  At the end o f  a ru n ,  the n i t r o g e n  d io x -  
i d e - c a r r i e r  gas flow was exchanged fo r  a n i t r o g e n  purge , and the re a c ­
t i o n  m ix tu re  coo led  to  0°C. F u r th e r  t r e a tm e n t  fo r  p roduct a n a ly s i s  was
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th e  same as t h a t  mentioned above with one e x c e p t io n .  The volume of 
r e a c t i o n  s o lu t io n s  from experim ents  run a t  low, ppm le v e l s  o f  n i t ro g e n  
d io x id e  was reduced w ith  a flow ing n i t r o g e n  s tream  p r io r  to a d d i t io n  of 
to lu e n e .  This p rocedure  enhanced product c o n c e n t r a t io n s  and allowed 
minimal i n j e c t i o n  volumes fo r  GC a n a l y s i s .
b .  P roduct a n a ly s e s .  For cyclohexene a n a ly s e s ,  a n i t r o g e n  flow of
20-25 mL/min was m a in ta in ed  in  the  OV-101 column i n i t i a l l y  a t  ambient 
te m p e ra tu re .  Four m inutes a f t e r  sample i n j e c t i o n ,  the  column was h ea ted  
to  80°C a t  2°C/min and the  tem pera tu re  h e ld  c o n s ta n t  u n t i l  bo th  cy c lo ­
hexene and the  oc tane  s ta n d a rd  e l u te d .  I f  h ig h e r  b o i l i n g  p roduc ts  from
r e a c t i o n  of cyclohexene w ith  n i t r o g e n  d io x id e  were a l s o  p r e s e n t ,  the 
column was r a p id l y  h ea ted  to  and m a in ta ined  a t  160°C u n t i l  a l l  p roduc ts
had e lu te d  and the  b a s e l in e  had been e s t a b l i s h e d .
For r e a c t i o n  p roduc t a n a ly s e s ,  the GC column was held  a t  ambient
te m p era tu re  fo r  3 m inu tes  fo llow ing  sample i n j e c t i o n .  The column was
th en  h ea ted  to  143°C a t  2°C/min; t h i s  tem pera tu re  was m a in ta ined  u n t i l  
a l l  p ro d u c ts  had e l u te d .  A u th en tic  samples of most compounds were ob­
t a in e d  e i t h e r  from commercial sources  or by s y n th e s is  in  o rd e r  to  make 
s o lu t i o n s  o f  known c o n c e n t r a t io n  to  d e te rm in a t io n  G C -de tec to r  response  
f a c t o r s .  D e te c to r  response  f a c t o r s  were de term ined  fo r  a l l  m ajor pro­
d u c ts  excep t 2 - c y c lo h e x e n y l  hyd roperox ide  fo r  which the re sp o n se  f a c to r  
f o r  2 -c y c lo h ex en o l  was used.
c .  Compound i d e n t i f i c a t i o n  and s y n t h e s i s .  2-Cyclohexeno1 r e s u l t s  
from t r a n s e s t é r i f i c a t i o n  o f  2 -c y c lo h e x e n y l  n i t r i t e  w ith  m e th a n o l ;14 
n i t r i t e  was i s o l a t e d  from a m ix tu re  formed by r e a c t i o n  o f  1 % n i t r o g e n  
d io x id e  in  n i t r o g e n  w ith  cyclohexene (as  o u t l in e d  above).  S e p a ra t io n  o f  
components by p r e p a r a t iv e  gas chromatography gave a f r a c t i o n  c o n ta in in g
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75 2  5% a lc o h o l  and 23 2  5% o f  ano ther  p ro d u c t .  The NMR spectrum of 
t h i s  m ix tu re  (unp u b lish ed  spectrum  #5-24-79-3 )  showed a major a b s o rp t io n  
fo r  two v in y l  p ro to n s ,  5 .8  ppm ( s i n g l e t  w ith  an un reso lved  s h o u ld e r ) ,  
and an a l l y l i c  p ro ton  a d ja c e n t  to  a hydroxy group, 4 .2  ppm (complex mul­
t i p l e t ) .  These NMR peaks were i d e n t i c a l  to  those  observed fo r  a u th e n t ic  
a lc o h o l  (unpu b lish ed  spectrum  # 5 -2 4 -7 9 -1 ) .  The hydroxy p ro to n ,  observed  
a t  2 .7  ppm ( s i n g l e t )  f o r  the  a u th e n t ic  a l c o h o l ,  was s h i f t e d  to 1 .6 -1 .7  
ppm in the  more d i l u t e  m ix tu re  of r e a c t io n  p ro d u c ts .  The rem ain ing  a l i ­
p h a t ic  p ro tons  o f  the  a u th e n t ic  a l c o h o l ,  1 .5 -2 .1  ppm (complex m u l t i ­
p l e t s ) ,  were a l s o  observed in  the  NMR spectrum  o f the  r e a c t io n  m ix tu re .
2 -C yclohexenone, a minor component o f  the r e a c t io n  m ix tu re ,  was 
i s o l a t e d  w ith  2 -cy c lo h ex en o l (ab o v e) .  With oxygen in  the  c a r r i e r  gas ,  
2 -cyclohexenone  was not observed p r io r  to  t r ip h e n y lp h o sp h in e  r e d u c t io n  
because  i t  i s  a minor p roduct o f  o x id a tio n ^ S  g^d because i t  c o - e l u t -  
ed w ith  2 -cy c lo h ex en y l hydroperox ide  from our OV-101 column.
The ketone was i d e n t i f i e d  by i t s  GC r e t e n t i o n  time (peak enhance­
ment w ith  a u th e n t ic  ke tone)  and by comparison o f  an NMR spectrum  of 
a u t h e n t i c  ke tone  (u n p u b lish ed  spectrum  #5-24-79-2 )  w ith  th a t  of the 
r e a c t i o n  m ix tu re  (unpu b lish ed  spectrum  # 5 -2 4 -7 9 -3 ) .  The k e to n e 's  two 
v in y l - p r o to n  a b s o r p t io n s ,  5 .9 - 6 .2  ppm (d o u b le t  of t r i p l e t s )  and 6 .9 -7 .2  
ppm (d o u b le t  o f  t r i p l e t s ) ,  were re s o lv e d  from the  a l c o h o l ' s  v in y l  pro­
to n s ,  bu t they  were p a r t i a l l y  obscured by b a s e l in e  n o is e .  The a l i p h a t i c  
p ro to n s  of the  ke tone  which absorb  s t r o n g ly  a t  2 . 3 - 2 . 6  ppm (complex 
m u l t i p l e t s )  were d i s t i n c t l y  v i s i b l e  in  the  spectrum  of the  b in a ry  mix­
t u r e .
2-C yclohexenyl h yd roperox ide  was expected  to  be the  major p roduct 
o f  cyclohexene a u t o x i d a t i o n , 48 and peak i d e n t i f i c a t i o n  was i n i t i a l l y
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a s s ig n e d  on the  b a s i s  o f  i t s  e l u t i o n  from our OV-101 column im m ediate ly  
a f t e r  2 -c y c lo h e x e n o l .  (E lu t io n  o f  the  p r e v io u s ly  u n i d e n t i f i e d  hy d ro p er­
o x id e  a f t e r  the a lc o h o l  in d ic a te d  the  s i m i l a r i t y  o f  i t s  s t r u c t u r e  to  
t h a t  o f  the  a l l y l i c  a lc o h o l  because  OV-101 s e p a r a t e s  c h i e f l y  by b o i l i n g  
p o i n t . )  P r i o r  to  r e d u c t io n  I  used the  m olar re sp o n se  f a c t o r  de term ined  
f o r  2 -c y c lo h e x e n o l  to  c a l c u l a t e  the  moles o f  a l l y l i c  hyd roperox ide  form­
ed .  On a d d i t io n  of 0 .2  g (e x c e ss )  t r ip h e n y lp h o s p h in e ^ ^ ,49 a t  0 “C to 
a 0 .3  mL m e th a n o l -e th e r  s o lu t i o n  o f  r e a c t i o n  m ix tu re ,  the  hyd ro p ero x id e  
was co n v er ted  to  a l c o h o l .  From the  in c re a s e d  amount o f  2 -c y c lo h e x e n o l  
formed by the  r e d u c t io n  I  found th a t  th e  r e d u c t io n  was q u a n t i t a t i v e  
w i th in  my 3-5% e r r o r  l i m i t s .
2-C yclohexenyl N i t r a t e  was i d e n t i f i e d  by com parison o f  i t s  r e t e n ­
t i o n  time w ith  th a t  o f  s y n th e t i c  n i t r a t e .  S p e c t r a l  com parisons o f  i s o ­
l a t e d  r e a c t io n  p roduc t and s y n th e t i c  n i t r a t e  were no t p o s s ib le  because
'
a t te m p ts  to  i s o l a t e  t h i s  u n s ta b le  component from a r e a c t i o n  m ix tu re  by 
p r e p a r a t iv e  gas or open-column l i q u id  chrom atography were u n s u c c e s s f u l .
A com bination  o f  a n a l y t i c a l  GC-MS was a l s o  u n s u c c e s s fu l  because  t h i s  
compound, l i k e  a l l  the  n i t r o g e n - c o n ta in in g  p ro d u c ts ,  y ie ld e d  m ain ly  a 
c y c lo h e x y l - ty p e  r a d i c a l  (m/e 81) as th e  m ajor f ragm en t.  However, s e p a r ­
a t e  c o n v e rs io n s  of bo th  the r e a c t io n  p ro d u c t  and s y n th e t i c  n i t r a t e  to
3-m ethoxycyclohexene confirm ed the  i d e n t i t y  o f  t h i s  p ro d u c t .
2 -C yclohexenyl n i t r a t e  was s y n th e s iz e d  from 3-brom ocyclohexene and 
s i l v e r  n i t r a t e  by use o f  a g e n e ra l  s y n th e s i s  o f  n i t r o  a l k y l s  and a lk y l  
n i t r i t e  e s t e r s . 50-52 A lkyl h a l i d e ,  0 .3  m o le s ,  and 0 .5  moles of 
s i l v e r  n i t r a t e  were s t i r r e d  in  100 mL anhydrous e t h e r  fo r  48 h a t  25°C.
A su spens ion  of m e t a l l i c  s i l v e r  (d a rk  g rey  to  b la c k  p a r t i c l e s )  as w e ll  
as  the  expec ted  s i l v e r  bromide (y e llo w  p r e c i p i t a t e )  were produced.
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S o l id s  were removed by f i l t r a t i o n  o f  the  r e a c t i o n  m ix tu re  through c o l -  
umn-chromatography grade  S i l i c a  G el; hexane was used as a d i l u t i n g  
s o lv e n t .  A r o t a r y  e v a p o ra to r  was used to  remove s o lv e n t  from the  hex- 
a n e - e th e r  s o lu t i o n  a t  40 -5 0 °C; th e  e th e r  was removed p r e f e r e n t i a l l y  
u n t i l  the  s o lv e n t  was n e a r ly  pure hexane . In  the  l a t t e r  s ta g e s  o f  s o l ­
v e n t  rem oval, the  s o lu t i o n  tu rned  from p a le  to  dark  ye llow , to  g reen ,  
and f i n a l l y  to  da rk  b lu e .  A dd it io n  o f  e t h e r  to  the s o lu t io n  a t  t h i s  
p o in t  caused a com plete r e v e r s a l  o f  the  c o lo r  change sequence and a 
y e l lo w ,  homogeneous s o lu t i o n  was formed. However, as the  volume o f  the 
s o l u t i o n  was ag a in  red u ced ,  g r e a t e r  amounts o f  so lv e n t  were allow ed to 
e v a p o ra te ,  decom posi t ion  caused the  c o lo r  to  change to  d a rk  brown, and 
p r e c i p i t a t i o n  o f  an i n t r a c t a b l e  t a r  o c c u rre d .  A dd ition  o f  e th e r  a t  t h i s  
p o in t  p rev en ted  com plete decom position  o f  the  p ro d u c t ,  bu t the  r e v e r s e  
c o lo r  change was obscured  by the p resence  o f  the  t a r .  Follow ing  a 
second column chrom atography of the  p roduc t m ix tu re  with a 30:50 m ix tu re  
o f  anhydrous e th e r - h e x a n e , the tem p era tu re  o f  the  s o lu t i o n  was kep t 
between 1 0 - 2 0 ° C, and the  s o lv e n t  was no t t o t a l l y  removed in  the r o t a r y  
e v a p o r a to r .  P ro d u c t c o n c e n t ra te  was t r a n s f e r r e d  to  a sm all v i a l ,  purged 
o f  so lv e n t  w ith  dry  n i t r o g e n ,  d i l u t e d  w ith  anhydrous e t h e r ,  s e a le d ,  and 
r e f r i g e r a t e d .
A n a ly s is  o f  the e th e r  s o lu t i o n  by gas chromatography showed the 
p re se n c e  of one m ajor component (70-80%) and 20-30% o f  u n re a c te d  3 - b ro ­
m ocyclohexene. The f i n a l  y i e ld  o f  n i t r a t e  was about 40% o f  t h e o r e t i c a l .  
An IR spectrum  (unpu b lish ed  spectrum  #11-1 -79)  showed maxima ( in  r e c i p ­
r o c a l  c e n t im e te r s )  t y p i c a l  o f  bo th  a n i t r a t e  group: 1623-26 ( n i t r a t e  
g roup asym m etrica l s t r e t c h )  , 1278 (sym m etr ica l s t r e t c h ) , and 860-75 
(RO-NO2  bond s t r e t c h ) ,  and v in y l  p ro to n s :  3030 .53 ,54  Most of
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th e  s o lv e n t  from a sample of r e a c t i o n  s o lu t i o n  was evapora ted  a t  room 
te m p e ra tu re  u s in g  a s tream  o f d ry  n i t r o g e n ,  and the sample was d is so lv e d  
i n  d e u te r a te d  ch lo ro fo rm . An NMR spectrum  (unpub lished  spectrum #11-1 - 
79) showed the  p resen ce  o f  a l i p h a t i c  p ro tons  from both  e th y l  e th e r  and 
hexane as w ell as those  from cyclohexene n i t r a t e ,  b u t  two v in y l  p ro tons  
(2  complex m u l t i p l e t s )  between 5 .8  and 6 .4  ppm were a l so  observed . 
A nother a b s o rp t io n  (complex m u l t i p l e t )  was observed a t  5 .4  ppm. This 
a b s o r p t io n  was a ss ig n e d  to  the  a l l y l i c  p ro ton  a d ja c e n t  to the n i t r a t e  
group because  a n e a r ly  i d e n t i c a l  a b s o rp t io n  was observed fo r  the  a lpha 
p ro to n  in  an o th e r  in o rg a n ic  e s t e r ,  cyc lohexy l n i t r i t e  (unpublished  
spec trum  # 1 0 -2 3 -7 9 -2 ) .
I f  a r e a c t i o n  s o lu t i o n  c o n ta in in g  a l l y l i c  n i t r a t e  was l e f t  a t  room 
te m p e ra tu re  in  th e  p resen ce  o f  m ethano l,  I  found t h a t  the n i t r a t e  d i s ­
appeared  over a 24-36 h p e r io d ,  and a new compound appeared . A nalysis  
o f  the  new compound by GC-MS (u n p u b lish ed  spectrum #10-3 -79 -1 )  gave 
v a lu e s  fo r  the  p a re n t  m ass, m/e = 112.1 , and i s o to p ic  r a t i o s ,  P+1 = 7.59 
and P+2 = 0 .4 5 ,  t h a t  b e s t  matched the  e m p ir ic a l  fo rm ula ,  C7 H1 2 O ( r e f .
54 , p. 3 8 ) .  The compound was i s o l a t e d  by prep GC, and an NMR spectrum 
(u n p u b lish e d  spectrum  #10-19-79-1 )  was o b ta in e d .  Two v in y l  p ro tons  (un -  
sym m etrica l d o u b le t )  a t  5 .8 0 - .8 2  ppm, one a lpha  p ro to n  (complex m u l t i ­
p l e t )  a t  3 .75 ppm, a t h r e e - p r o to n  s i n g l e t  a t  3 .3 5 - .3 7  ppm, and 6  a lk y l  
p ro to n s  (complex m u l t i p l e t s )  from 1 .5  to  2.1  ppm were found. The com­
b in ed  s p e c t r a l  d a ta  showed th a t  the  m ethanol s o lv o ly s i s  p roduct was the 
e t h e r ,  3-m ethoxycyclohexene . The s y n th e s iz e d  2 -cy c lo h ex en y l  n i t r a t e  
a l s o  r e a c te d  w ith  m ethanol a t  room tem pera tu re  to  y ie ld  3-m ethoxycyclo­
hexene co n firm ing  p roduc t i d e n t i f i c a t i o n .
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2-Cyclohexenone Oxime was s y n th e s iz e d  from 2-cyclohexenone by use 
o f  a s y n th e s is  o f  cyclohexanone oxime ( r e f .  51 , p. 3 4 3 ) .5 5  Hydroxyl­
amine h y d ro c h lo r id e ,  0 .4  g ,  and one g o f  sodium a c e ta t e  were d is s o lv e d  
in  10 mL o f  w ater  in  a l a rg e  t e s t  tu b e .  The s o lu t i o n  was warmed to  40°C 
and one g o f  2 -cyclohexenone added. A p r e c i p i t a t e  formed in  a few min, 
and the  s l u r r y  was coo led  to  0°C. The cold  s l u r r y  was f i l t e r e d ,  and the 
i s o l a t e d  p r e c i p i t a t e  was d r ie d  and r e c r y s t a l i z e d  from hexane. The f i n a l  
p ro d u c t  had a m e l t in g  p o in t  range o f  8 6 - 8 8 °C.
1 ,2 -D in i t ro c y c lo h e x a n e  was i s o l a t e d  from a n i t r o g e n  d io x id e - c y c lo -  
hexene r e a c t io n  m ix tu re .  E x t r a c t i o n  o f  the  p roduct m ix tu re  w ith  w ater 
bo th  converted  a lk y l  n i t r i t e  to  a lc o h o l  and s e p a ra te d  the  a lco h o l from 
th e  r e a c t io n  m ix tu re .  The rem ainder o f  the  r e a c t io n  m ix tu re  was d i s ­
so lved  in  5% e th e r -h e x a n e  and washed through a 22 mm g la s s  column packed 
w ith  15 g o f  s i l i c a  g e l .  The IR spectrum  (unpu b lish ed  spectrum  #7-27- 
79) o f  one major f r a c t i o n  ( c a . 80% one component by GC) showed absorp ­
t i o n  maxima a t  1550 and 1390 1/cm i n d i c a t i v e  o f  on ly  the  n i t r o  
g r o u p . 53,54 An NMR spectrum  (unpub lished  spectrum  #7-27-79) showed 
a b s o rp t io n  fo r  two a lp h a  p ro to n s  (complex m u l t i p l e t )  a t  5 .0  ppm ( i n d i ­
c a t i v e  of p ro to n s  a d ja c e n t  to  n i t r o  groups ( r e f .  54, p. 137)) and for 8  
a l i p h a t i c  p ro to n s  (complex m u l t i p l e t s )  from 1 .3  to  2 .7  ppm.
2 -N it ro c y c lo h e x a n o l  was formed by t r a n s e s t é r i f i c a t i o n  o f  2 - n i t r o -  
c y c l o h e x y l n i t r i t e  e s t e r  w ith  w ate r  d u r in g  e x t r a c t i o n  of n i t r o a l c o h o l  
from a r e a c t io n  m ix tu re  (see  1 ,2 - d i n i t r o c y c lo h e x a n e ) . The d i l u t e ,  aque­
ous s o lu t i o n  o f  n i t r o a l c o h o l  was e x t r a c te d  c o n t in u o u s ly  w ith  e t h e r ,  and 
th e  c o n c e n t ra te d  s o lu te  from the e th e r  phase p u r i f i e d  by prep GC. A 
m ix tu re  of two compounds was i s o l a t e d  and had IR (u n p u b lish ed  spectrum  
# 7 -6 -7 9 -3 )  maxima ( i n  r e c i p r o c a l  c e n t im e te r s )  a t  3430 (RO-H), a t  1550
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and 1375 (asymm etric and symmetric n i t r o  s t r e t c h ) , and a t  1074 and 974 
fo r  the  r e s p e c t iv e  trans and c i s  R-OH vibrations.14 Repeated chro­
matography of the  isom eric  m ix tu re  and enhancement o f  the  c o n c e n t r a t io n  
o f  the isomer e l u t in g  second from the  GC enhanced the  IR a b so rp t io n  a t  
1074 1/cm. Thus, the compound e l u t i n g  f i r s t  was the  c i s - 2 - n i t r o c y c lo -  
h e x a n o l ,  and th e  second compound, 55-60% o f  the iso m eric  m ix tu re ,  was 
th e  t r a n s  a l c o h o l .
1 -N itro cy c lo h ex en e  was i s o l a t e d  by prep GC from a r e a c t io n  m ix tu re  
( s e e  2 -c y c lo h e x e n o l) .  In  agreement w ith p r e v io u s ly  o b ta in ed  s p e c t r a ,  
i t s  IR spectrum  (unpub lished  spectrum  #7-6 -79 -2 )  shows a v in y l  C-H 
s t r e t c h ,  3038 1/cm, a n i t r o  group con juga ted  to  a double bond, 1508 and 
1333 1/cm, and a t r i s u b s t i t u t e d  double bond, 1665 and 825 1 / c m , 53,56 and 
i t s  NMR spectrum  (unpub lished  spectrum  #7-10-79-2 )  shows the p resence  of 
one v in y l  p ro ton  a t  7 .2  to  7 .5  ppm (complex multiplet) .56
3 -N itro cy c lo h ex en e  was i s o l a t e d  by prep GC from a r e a c t i o n  m ix tu re  
( se e  2 -c y c lo h e x e n o l) .  I t s  IR spectrum  (unpu b lish ed  spectrum  # 7 -6 -7 9 -1 )  
showed the expec ted  maxima fo r  a n i t r o  group , 1540 and 1363 1/cm, v i n y l  
p ro to n s ,  3044 1/cm, and a d i s u b s t i t u t e d  double bond, 1650 1/cm.54 The 
NMR spectrum  (unpub lished  spectrum  #7-10-79-1 )  showed a b s o rp t io n s  fo r  
two v in y l  p ro to n s  (complex m u l t i p l e t s )  a t  5 .9  to  6 .2  ppm and an a l l y l i c  
p ro to n  a d ja c e n t  to  a n i t r o  group (complex m u l t i p l e t )  a t  4 .98  ppm in  
agreement w ith  v a lu e s  p r e v io u s ly  found fo r  t h i s  compound.56
2 -N it ro c y c lo h e x y l  N i t r a t e  was i s o l a t e d  from a r e a c t io n  m ix tu re  (see
1 ,2 -d in i t ro c y c lo h e x a n e )  by column chrom atography. S t r u c tu r e  c h a r a c t e r i ­
z a t io n  came from s p e c t r a  which showed IR (u n p u b lish e d  spectrum  #7-20-79) 
maxima a t  1640 and 1282 1/cm ( n i t r a t e  asym. and sym. s t r e t c h )  and a t  
1556 and 1382 1/cm ( n i t r o  asym. and sym. s t r e t c h ) ,  and NMR (u n p u b lish e d
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spectrum  #7-20-79) a b s o r p t io n  a t  4 .6  ppm ( s in g l e  p ro to n ,  complex m u l t i ­
p l e t ,  t y p i c a l  o f  a p ro to n  a d ja c e n t  to  a n i t r o  group ( r e f .  54 , p. 137)) 
and a t  5 .5  ppm ( s i n g l e  p ro to n ,  complex m u l t i p l e t ,  as observed  for
2 -cy c lo h ex en y l  n i t r a t e ) .
C. O x id a t io n  o f  U n sa tu ra te d  F a t t y  Acid E s te r s
a .  A pparatus  and p ro c e d u re .  S tu d ie s  o f  the  o x id a t io n  o f  u n s a tu r a ­
te d  f a t t y  e s t e r s  were conducted  a t  n i t r o g e n  d io x id e  l e v e l s  o f  0-70 ppm 
in  a gas s tream  flow ing  a t  300 _+ 30 mL/min; 1.0  mL a l i q u o t s  o f  nea t  
e s t e r s  such as m ethyl o l e a t e  ( 1 8 :1 ) ,  m ethy l l i n o l e a t e  ( 1 8 :2 ) ,  and methyl 
l i n o l e n a t e  (1 8 :3 )  were used .  The n i t r o g e n  d io x id e  source o f  F igu re  2-3 
and the  b u b b le r  and n i t r o g e n  d io x id e  t r a p  in  F ig u re  2-5 (no d r y - i c e  con­
d e n s e r )  were assem bled , and th e  N O ^ -c a r r ie r  gas s tream  was e q u i l i ­
b r a te d  a t  the d e s i r e d  n i t r o g e n  d io x id e  c o n c e n t r a t io n  fo r  a t  l e a s t  30 
m in u te s .  R eac tio n  was begun w ith  p i p e t t i n g  the s u b s t r a t e  in to  the 
b u b b le r  u n le ss  i n h i b i t o r s  were a l s o  added. I f  i n h i b i t o r s  were used in  
an ex p er im en t ,  an a l i q u o t  o f  a b s o lu te  e th a n o l  s o lu t i o n  c o n ta in in g  the  
i n h i b i t o r  was added im m edia te ly  fo llo w in g  the a d d i t io n  of s u b s t r a t e .  A 
n i t r o g e n  s tream  was used to  e v a p o ra te  the  e th a n o l  and th o ro u g h ly  mix 
i n h i b i t o r  w ith s u b s t r a t e .  The n i t r o g e n  s tream  was then r e p la c e d  by a 
n i t r o g e n  d i o x i d e - a i r  s t ream . (Gas flow i n t e r r u p t i o n s  o f  a few seconds 
d u r in g  t h i s  exchange were no t s u f f i c i e n t  to  a l low  leakage o f  s u b s t r a t e  
down through the  g la s s  f r i t  o f  the  b u b b le r . )  A l iq u o ts  o f  the  r e a c t io n  
m ix tu r e ,  10-25 m i c r o l i t e r s ,  were removed p e r i o d i c a l l y  to  de te rm ine  the  
c o n c e n t r a t i o n s  o f  p ro d u c ts  and s t a r t i n g  m a t e r i a l .
b . P roduc t a n a ly s e s .  T o ta l  P e ro x id e  fo rm a t io n  was fo llow ed  by a 
m o d i f i c a t io n  o f  the io d o m e tr ic  method o f  Mair and Graupner.57 a
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15-25 m i c r o l i t e r  a l i q u o t  o f  r e a c t i o n  m ix tu re  was d is s o lv e d  in  a m ix ture  
o f  6 .0  mL o f  d ry  2 -p ro p an o l  and 2 .0  mL o f  dry  a c e t i c  a c id  in  a 35 mL 
round bottom  f l a s k .  Excess sodium io d id e ,  0 .2 5  g ,  was added and the 
f l a s k  was purged w ith  d ry  n i t r o g e n  (1 -2  L/min fo r  20 s e c o n d s ) .  This 
m ix tu re  was r e f lu x e d  fo r  c^ .  8 min under a n i t r o g e n  atmosphere and was 
n o t  exposed to  a i r  u n t i l  a f t e r  the  f l a s k  was cooled  to  room tem pera tu re  
w i th  an i c e - w a te r  b a th .  During the  c o o l in g  p ro c e s s ,  the  r e f l u x  conden­
s e r  was r in s e d  with one mL o f  2 -p ro p an o l which d ra in e d  in to  the f l a s k .  
When co o led ,  the  c o n te n ts  o f  the  f l a s k  were p ip e t t e d  in to  a v o lu m e tr ic  
f l a s k  and d i l u t e d  to  10 .0  mL w ith  2 -p ro p a n o l .  The absorbance o f  the 
s o l u t i o n  a t  360 nm was im m ediate ly  m easured , and the c o n c e n t r a t io n  o f  
p e ro x id e  was determ ined  by use o f  the  e x t i n c t i o n  c o e f f i c i e n t  of I g " ,  
27 ,800 L/mole-cm,32 ■phe m olar c o n c e n t r a t io n  o f  t h i s  complex anion i s  
de te rm in ed  because  i t s  fo rm a tion  from io d in e  and excess  io d id e  i s  e q u i ­
v a l e n t  to  the  moles o f  pero x id e  t i t r a t e d  (F ig .  2 - 6 ) .5 7
Conjugated  Diene fo rm a tio n  was de te rm ined  by d i l u t i n g  a 15 m ic ro ­
l i t e r  a l i q u o t  o f  r e a c t io n  m ix tu re  to  10 .0  mL w ith  95% e th a n o l  in  a v o lu ­
m e t r ic  f l a s k  and m easuring  the  absorbance  a t  233 nm. The c o n c e n t r a t io n  
o f  co n ju g a ted  d iene  was determ ined  by use o f  i t s  e x t i n c t i o n  c o e f f i c i e n t  
o f  29,000 L / m o l e - c m . 58,59
Convers ion  o f  s u b s t r a t e s , 1 8 :1 ,  1 8 :2 ,  or 1 8 :3 ,  was de term ined  w ith  
gas chrom atography by com parison to  one o f  two i n t e r n a l  s ta n d a rd s ,  
m ethy l p a lm i ta te  (1 6 :0 )  or methyl s t e a r a t e  ( 1 8 :0 ) .  The GC column (10% 
DEGS-PS) was h ea ted  to  a c o n s ta n t  te m p era tu re  w i th in  the  range o f  175-
190°C; th e  te m p era tu re  depended on the  s e p a r a t io n  being  made. (For 
exam ple, a low te m p e ra tu re ,  175°C, was used fo r  th e  most d i f f i c u l t  sepa­
r a t i o n  o f  18:0  s ta n d a rd  from 18 :1 .  H igher te m p e ra tu re s  were used fo r



























T I T R A T I O N  W I T H  I O D I D E
H 2 O 2  
R O O M  
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2 H 2 O
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♦ I .
F ig u re  2 - 6 .  The g e n e r a l  r e a c t i o n  scheme fo r  th e  a c i d - c a t a l y z e d  r e d u c t io n  o f  peroxy  compounds by io d id e  
and th e  fo rm a t io n  o f  th e  t r i a t o m i c  complex between io d in e  and ex cess  iodide.^7
wu>
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e a s i e r  s e p a ra t io n s  to  f a c i l i t a t e  the  more r a p id  e l u t io n  o f  the h ig h e r  
b o i l i n g  e s t e r s . )  S tandard  s o lu t io n s  o f  the  d e s i r e d  m ix tu res  were used 
to  de term ine  the  d e t e c to r  response  f a c t o r s  fo r  each compound.60
N itro g en  in c o rp o r a t io n  was determ ined  by t r a c e  n i t r o g e n  ana ly se s  
perform ed on l a rg e  a l iq u o t s  o f  e s t e r ,  4-5  mL, exposed to  n i t r o g e n  d iox­
id e  in  a i r .  The p rocedure  fo r  exposure o f  the  e s t e r s  was the  same as 
t h a t  used fo r  th e  o x id a t io n  s tu d ie s  (ab o v e ) ,  bu t the  exposure time was 
in c re a s e d  u n t i l  a maximum of 0 .1-0 .3%  (w/w) n i t r o g e n  was trapped  by an 
e s t e r  sample. The r e a c t io n  s o lu t i o n s  were then  su b je c te d  to  c a t a l y t i c  
h y d ro g e n a t io n  under ac id  c o n d i t io n s  (optimum fo r n i t r o  g ro u p s^ l)  to  
reduce  n i t r o  groups to  amines and to  e i t h e r  reduce or hyd ro lyze  to  a l c o ­
h o l s  a l l  n i t r i t e l 4  and n i t ra te & 2  e s t e r s  r e s u l t i n g  from te rm in a t io n  r e a c ­
t i o n s  of n i t r o g e n  d io x id e .  In  t h i s  way, a l l  n i t r o g e n  not bound to  the 
f a t t y  ac id  e s t e r s  by a c a rb o n -n i t ro g e n  bond would be e l im in a te d  from the 
exposed e s t e r  sample b e fo re  n i t r o g e n  a n a l y s i s .
A t y p i c a l  r e d u c t io n  c o n s i s te d  o f  e q u i l i b r a t i n g  0 .03  g o f  10% p a l l a ­
dium on c h a rc o a l ,  s t i r r e d  in  5 mL o f  0.23% HCl in  a b s o lu te  e th a n o l ,  w ith  
hydrogen fo r  20 min in  a 50 mL, 2 -necked , f l a s k . 63 One neck o f  the 
f l a s k  was a t ta c h e d  to  a g la s s  m an ifo ld  to  which were a t ta c h e d  a c y l in d e r  
o f  hydrogen , an open-ended U-tube f i l l e d  w ith  o i l  fo r  d e te rm in in g  p re s ­
s u re  e q u a l i z a t i o n ,  and a gas b u re t  w ith  a w a te r  r e s e r v o i r  (a  s ta n d a rd ,  
te x tb o o k  c o n f ig u r a t io n 6 4 ) . The o th e r  neck o f  the  f l a s k  he ld  a p re s ­
s u r e - e q u a l i z in g  a d d i t io n  funne l c o n ta in in g  3 -4  g o f  exposed s u b s t r a t e  in  
15 mL o f  0.25% HCl-abs EtOH. Once the  a p p a ra tu s  was f lu sh ed  w ith  hydro­
g en , the  open top  of the a d d i t io n  funnel was s e a le d ,  the  i n i t i a l  volume 
o f  the  gas b u re t  was r e a d ,  and the  c o n te n ts  o f  the  funnel was d ripped  
i n t o  the  s t i r r e d  c a t a l y s t  su sp e n s io n .  A w ate r  bath  was used to  hea t  the
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r e a c t i o n  s o lu t i o n  to  40°C fo r  16-24 h .  A f i n a l  gas volume rea d in g  was 
tak en  a f t e r  the  r e a c t io n  f l a s k  was cooled  to  room te m p e ra tu re .
F o llow ing  r e d u c t io n ,  the  s o lu t i o n  was f i l t e r e d  to  remove th e  c a t a ­
l y s t .  The f i l t e r  paper was r in s e d  w ith  10 mL o f  d ich lo rom ethane  to  g ive  
a f i n a l  s o lu t i o n  volume o f about 30-35 mL, and t h i s  s o lu t io n  was poured 
i n t o  250 mL o f  d i s t i l l e d  w ate r  in  a 500 mL s e p a r a to r y  fu n n e l .  The two 
l a y e r s  were shaken , and s u f f i c i e n t  s a tu r a t e d  sodium b ic a rb o n a te  s o lu t io n  
(ab o u t 15-20 mL) was added to  a d ju s t  the  pH ( i n i t i a l l y  about 2) to  about 
8 -9 .  About 15 mL o f  d ich lo rom ethane  was added, the  l a y e r s  were shaken 
and allow ed to  s e p a r a t e ,  and the  o rg an ic  l a y e r  was removed. A f te r  th re e  
a d d i t i o n a l  e x t r a c t i o n s  w ith  15 mL o f  d ich lo ro m e th an e ,  the  accumulated 
o rg a n ic  s o lu t io n s  were d r ie d  w ith  magnesium s u l f a t e  and f i l t e r e d .  A f te r  
removal o f  s o lv e n t ,  the  samples were sh ipped  to  G a lb r a i th  labs^S  fo r  
t r a c e  n i t r o g e n  a n a l y s i s .
D. T rapping N itro g en  D ioxide from th e  A ir s tre a m
a . A p p a ra tu s . The a p p a ra tu s  shown in  F ig u re  2-5 i l l u s t r a t e s  the 
c o n f ig u r a t io n  fo r  t r a p p in g  la rg e  amounts o f  n i t r o g e n  d io x id e  in  a s o lu ­
t i o n  in  a 3 L b e a k e r .  Sm aller v e s s e l s  were s u f f i c i e n t  fo r  t r a p p in g  
n i t r o g e n  d io x id e  e scap in g  r e a c t i o n s  run a t  low n i t r o g e n  d io x id e  l e v e l s ,  
e . g . , a 50-100 mL f l a s k  a t  70 ppm or l e s s .
b .  P ro c e d u re .  The n i t r o g e n  d i o x i d e - a i r  s tream  was bubbled th rough  
th e  r e q u i r e d  volume o f  t r a p p in g  s o lu t io n  ( r e c i p e  below) f o r  the  le n g th  
o f  time needed to  accum ulate  s u f f i c i e n t  n i t r i t e  to  be d e te c te d  by the 
Saltzraan p rocedure  (see  b e lo w ) .&& For example, t r a p p in g  tim es o f
8-10 min were s u f f i c i e n t  fo r  d e l iv e r y  r a t e s  o f  0 .5  m icrom oles o f  n i t r o ­
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gen d io x id e  per  m inute (which equa ls  a c o n c e n t r a t io n  o f  about 70 ppm a t  
0 .3 0  L o f  gas per  min) when 4 0 .0  mL o f  t r a p p in g  s o lu t i o n  was used.
N i t r i t e  ion  was determ ined  by the  fo llo w in g  p ro ced u re .  A 2 .0  mL 
a l i q u o t  o f  exposed t r a p p in g  s o lu t io n  was added to  a v o lu m e tr ic  f l a s k  
c o n ta in in g  2 .0  mL o f  s u l f a n i la m id e  re a g e n t  (below) and 0 .3  mL o f  N - ( l -  
n a p h th y D -e th y le n e d ia m in e  re a g e n t  (b e lo w ) .  A b la n k  s o lu t io n  o f  r e a g e n ts  
i n  which th e re  was unexposed t r a p p in g  s o lu t i o n  was a l s o  p re p a re d .  Both 
s o lu t i o n s  were a llow ed  to  s i t  a t  l e a s t  10 min w hile  c o lo r  developed .
The developed s o lu t i o n s  were d i l u t e d  w ith  a b u f f e r  s o lu t i o n  (below) to  
10 .0  mL, and th e  absorbance  o f  each was measured a t  540 nm. The concen­
t r a t i o n  o f  n i t r i t e  was c a l c u l a t e d  w ith  the  use o f  an e x t i n c t i o n  c o e f f i ­
c i e n t  o f  49 ,000  L/mole-cm determ ined  from a sodium n i t r i t e  s o lu t io n  of 
known c o n c e n t r a t i o n .
The amount of n i t r o g e n  d io x id e  absorbed  by a compound was d e t e r ­
mined by t r a p p in g  the  e f f l u e n t  n i t r o g e n  d io x id e  bo th  b e fo re  and a f t e r  a 
compound was p laced  in  the  b u b b le r .  The d i f f e r e n c e  between th e se  two 
d e te rm in a t io n s  e q u a ls  the amount o f  n i t r o g e n  d io x id e  absorbed .
c .  R eag en ts .  T rapping  S o l u t i o n : 4 .0  g o f  NaOH and 0 .4  g o f  thymol
d is s o lv e d  in  a L o f  d e io n iz e d  w a te r .67
S u lfa n i la m id e  : 28 g o f  s u l f a n i la m id e  d is s o lv e d  in  a m ix tu re  o f  200
mL o f  83% p h o sp h o r ic  ac id  and 200 mL o f  d e io n iz e d  w a te r .
N a p h th y le th y le n e d ia m in e ; 50 mg o f  N - ( l -n a p h th y l ) - e th y le n e d ia m in e  
d ih y d ro c h lo r id e  d i s s o lv e d  in  100 mL o f  d e io n iz e d  w a te r .
B u ffe r  S o l u t i o n ; a m ix tu re  of equal p a r t s  o f  0 .1  N NaOH ( t r a p p in g  
s o l u t i o n  w ith o u t  the  thymol) and 42.5% phosphoric  ac id  s o lu t i o n  ( s u l f a ­
n i la m id e  r e a g e n t  w ith o u t the  s u l f a n i l a m id e ) .
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E. R eac tio n  o f  N itro g en  D ioxide w ith  1-Naphthol
The e x t i n c t i o n  c o e f f i c i e n t  o f  sublimed 1 -n ap h th o l in  95% e th a n o l  a t  
296 nm was d e te rm in e d .68 This  v a lu e ,  5 ,000  L/mole-cm, was used to  
fo l lo w  th e  d e c re a se  in  c o n c e n t r a t io n  o f  1 -n ap h th o l in  a s o lu t io n  of 
hexadecane t h a t  was exposed to  a n i t r o g e n  d i o x i d e - a i r  s tream . The ex­
p e r im e n ta l  p rocedure  was the  same one used to  s tu d y  o x id a t io n  k i n e t i c s
o f  u n s a tu r a te d  f a t t y  ac id  e s t e r s .
A 1 .0  mL a l i q u o t  o f  a 4 .3 4  m i l l i m o la r  s o lu t io n  o f  1 -n ap h th o l in  
hexadecane  was p la ced  in  a f r i t t e d  d is k  b u bb le r  (F ig .  2 -5 )  and exposed 
t o  a n i t r o g e n  d i o x i d e - a i r  s tream . P e r i o d i c a l l y  over 8 h ,  a 25 m ic ro ­
l i t e r  a l i q u o t  o f  the  hexadecane s o lu t i o n  was added to  2 .0  mL o f  a b so lu te  
e th a n o l  in  a one cm q u a r tz  c e l l  and the  absorbance o f  the s o lu t io n  a t  
296 nm was d e te rm in e d .  The c o n c e n t r a t io n  o f  1 -n ap h th o l  was c a l c u la te d  
from the  ab so rb an ce .  The r e s u l t s  from a s e r i e s  o f  experim ents  were
p l o t t e d  as a fu n c t io n  o f  tim e to  de te rm ine  the  r a t e  o f  lo s s  of 1-naph­
t h o l  .
While the r a t e  o f  r e a c t i o n  o f  1 -n ap h th o l was be ing  de te rm in ed ,  the 
r a t e  of a b s o rp t io n  o f  n i t r o g e n  d io x id e  by the  hexadecane s o lu t io n  was 
a l s o  d e te rm in ed .  The p r e v io u s ly  d e s c r ib e d  p rocedure  fo r  n o n v o la t i l e  
compounds was used.
F . R eac tio n  o f  Gas Phase N itro g en  Oxides w ith  Neat Alkenes
a . A p p a ra tu s . These r e a c t i o n s  were run in  a c lo sed  ap p a ra tu s  th a t  
a l low ed  the  t r a n s f e r  o f  n i t r i c  ox ides  from a source  to  a v e s s e l  c o n ta in ­
in g  n e a t  a l k e n e . The n i t r o g e n  d io x id e  source  was the  bu lb  w ith  the 
g la ss -T e fIo n ®  v a lv e  (F ig u re  2 - 4 ) .  T h is  bulb  was a t ta c h e d  to  a midget 
im pinger  (Ace G lass  Co., No. 7531) th ro u g h  a 3-way s topcock  (F ig .
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2 -7 ) .6 9  The t h i r d  arm o f the  3-way stopcock  was connected to  a d ry
n i t r o g e n  source by Tygon® tu b in g .
b .  P ro ced u re .  The bulb c o n ta in in g  n i t r o g e n  d io x id e - d in i t r o g e n  
t e t r o x i d e  was immersed in  a dewar o f  w ater c o n ta in in g  a copper c o i l  
a t t a c h e d  to  a r e f r i g e r a t e d ,  r e c i r c u l a t i n g  b a th .  The s to ra g e  tem pera tu re  
was m a in ta ined  a t  9-10°C to  keep the  n i t r o g e n  d io x id e  vapor p re s s u re  low 
and to  m inimize le ak ag e .  The co o la n t  flow was stopped  during  a r e a c t io n
to  a l lo w  the  tem p era tu re  o f  the dewar and n i t r o g e n  d io x id e  bulb  to  in ­
c r e a s e  s e v e ra l  deg rees  to  ach iev e  the  d e s i r e d  t r a n s f e r  r a t e  o f  n i t r o g e n  
d i o x i d e .
In  p r e p a r a t io n  fo r  a r e a c t i o n ,  the  n i t r o g e n  d io x id e  bulb assembly 
was d e tach ed ,  weighed on an a n a l y t i c a l  b a la n c e ,  and reco n n e c ted  to  the
3-way s topcock  through which n i t r o g e n  was f low ing .  The impinger bottom 
c o n ta in in g  a sm all s t i r r i n g  bar  was removed and a 1 .0  mL sample of 
a lkene  was added to  the  preweighed v e s s e l .  The v e s s e l  was sea le d  w ith a 
prew eighed , 24/40 s to p p e r ,  and the  mass o f  added a lkene  was determ ined 
by ano the r  w eigh ing . The im pinger bottom  was u n sea le d  and im m ediately  
r e tu r n e d  to  the  a p p a ra tu s .  The im pinger and co n n ec tin g  tub ing  ( r e p r e ­
s e n t in g  a volume o f  50-60 mL) were purged w ith  n i t r o g e n  a t  a r a t e  of 800 
mL/min fo r  2-3 min. ( V o l a t i l e  a lkenes  were f ro zen  w ith  a dry i c e - 2 - p r o -  
pano l s lu sh  p r i o r  to  the  n i t r o g e n  purge to  p rev en t  lo s s  o f  s t a r t i n g  
m a t e r i a l . )  F o llow ing  the  p u rge ,  the  e x i t  p o r t  was s e a le d  w ith  a rubber  
septum.
At t h i s  p o i n t ,  the s lu s h  ba th  was removed to  a l lo w  a f rozen  sample 
t o  warm to  room te m p e ra tu re ,  and the  n i t r o g e n  d io x id e  bulb  was opened. 
The vapor p re s s u re  o f  n i t r o g e n  d io x id e  fo rced  i t  i n to  p a r t  of the tub ing  
c o n n e c t in g  the  bulb  assembly and the  im pinger.  A s l i g h t  vacuum was




/ 3 - w à y  Stopcock
Midget
Impinger
2 4 / 4 0
1 8 /7  Ball Joints
Septum
F ig u re  2 -7 .  The Midget Im pinger used fo r  a lk e n e - n i t r o g e n  oxide r e a c t io n s  
s tu d ie d  w ith o u t a c a r r i e r  g a s .  The c o n f ig u r a t io n  shown was 
used  fo r  n i t r o g e n  d io x id e  r e a c t i o n s .  When n i t r i c  o x id e  was 
u sed ,  a seco n d  sep tu m  was p l a c e d  in  th e  i m p i n g e r ' s  b a l l  
j o i n t  and n i t r i c  o x id e  was added  w i th  a n e e d l e  and  g a s  
b u r e t .
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formed in  the  a p p a ra tu s  by w ithdraw ing 5-10 mL o f  gas through  the  septum 
in  the im pinger e x i t  p o r t  w ith  a s y r in g e .  This  a ided  in  t r a n s f e r r i n g  
n i t r o g e n  d io x id e  to  the im pinger and p rev en ted  an e x c e s s iv e  p re s s u re  
in c r e a s e  as f ro zen  a lkene  warmed to  room te m p e ra tu re .  S t i r r i n g  was 
begun a f t e r  the  f ro zen  a lkene  had m e lted  and was con tinued  th roughou t 
th e  r e a c t io n .
The a p p a ra tu s  was l e f t  fo r  th e  d e s i r e d  r e a c t i o n  t im e , 1-3 h ,  d u r ing  
which time the te m p era tu re  o f  the w a te r  around the  n i t r o g e n  d io x id e  bulb  
reached  14-18°C and the d e s i r e d  amount o f  n i t r o g e n  d io x id e  was t r a n s ­
f e r r e d .  Next, the  n i t r o g e n  d io x id e  bulb was c lo se d  and coo led  to  10“C. 
A f te r  20-30 m in u te s ,  the c o lo r  o f  n i t r o g e n  d io x id e  rem ain ing  in  the  
co n n e c t in g  tu b in g  faded ; f u r t h e r  d i f f u s i o n  in to  the im pinger and r e a c ­
t i o n  w ith  the a lk en e  had o c c u rre d .  The m a jo r i t y  o f  the  rem ain ing  n i t r o ­
gen d io x id e  was fo rced  in t o  the  im pinger by co o l in g  i t  w ith  d ry  ic e  and 
a d m it t in g  some n i t r o g e n  th rough  the  3-way s to p co ck .  The sm all amount of 
n i t r o g e n  d io x id e  rem ain ing  in  the  tu b in g  nea r  the  bu lb  was fo rced  back 
i n t o  the  cooled  bu lb  by opening the  v a lv e .  (The p a r t i a l  vacuum formed 
i n  the  bu lb  by co o l in g  drew in  the  n i t r o g e n  d io x id e  and some n i t r o g e n . )  
The bulb  assembly was rew eighed and the  n i t r o g e n  d io x id e  lo s s  was d e t e r ­
mined.
The im pinger was a llow ed to  warm to and remain a t  room te m p e ra tu re  
fo r  an a d d i t i o n a l  30-60 min to  a l lo w  s t i r r i n g  to  co n t in u e  and a l l  r e a c ­
t i o n  to  ce a se .  The im pinger was then r in s e d  w ith  s e v e r a l  1-2 mL p o r­
t i o n s  o f  a b s o lu te  e th a n o l .  A 2 .0  mL a l i q u o t  o f  s ta n d a rd  m ethanol s o lu ­
t i o n  was added ( 2 .0  mL o f  methanol in  a 5 0 .0  mL s o l u t i o n  o f  a b s o lu te  
e t h a n o l ) ,  and th e  s o lu t i o n  was d i l u t e d  to  10 .0  mL in  a  v o lu m e tr ic  f l a s k  
w ith  a b s o lu te  e th a n o l .  For a n a l y s i s  o f  a lkene  c o n c e n t r a t i o n ,  t h i s  s o lu -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
t i o n  was f u r t h e r  d i l u t e d ,  1 .0 -1 0 .0  mL, w ith  a b s o lu te  e th a n o l  and a 2 .0  
mL a l i q u o t  o f  s ta n d a rd  to lu e n e  s o lu t i o n  (2 .0  mL o f  to luene  in  a 50 .0  mL 
s o l u t i o n  of a b s o lu te  e th a n o l ) .  Methanol served  as an i n t e r n a l  s ta n d a rd  
f o r  d e te rm in in g  w ate r  c o n c e n t r a t i o n s ;  to lu e n e  was the  i n t e r n a l  s ta n d a rd  
f o r  benzene , 1 , 4 - ,  and 1 ,3 -c y c lo h e x a d ie n e .7 0
c .  P ro ced u re  w ith  n i t r i c  o x id e .  The purpose o f  th e se  experim en ts  
w ith  n i t r i c  ox ide  was to  de term ine  i t s  r e a c t i v i t y  w ith a s e r i e s  of 
a lk e n e s  under th e  c o n d i t io n s  used fo r  n i t r o g e n  d io x id e .  A ccording to  
B r o w n , 16 most a lk e n e s  do not r e a c t  w ith  n i t r i c  oxide a t  ambient tem­
p e r a t u r e s .  However, our r e s u l t s  from the  n i t r o g e n - d io x id e  experim en ts  
i n d i c a t e d  th a t  a t  l e a s t  the  cyc lo h ex ad ien es  were e x c e p t io n s  to t h i s  
r u l e .  S ince  p re v io u s  w orkers? !  had a l r e a d y  found th a t  the cyc lohex ­
a d ie n e s  d id  r e a c t ,  our experim en ts  were aimed m ain ly  a t  the  l e s s  r e a c ­
t i v e  a lk e n e s .
A known mass o f  a lkene was p laced  in  the  im pinger (F ig u re  2 -7) and 
s e a le d  w ith  2 s e p t a . ?2 The septum in  the  e x i t  p o r t  was removed 
w h ile  a n i t r o g e n  purge (see  above) was in t ro d u ced  by a need le  through  
th e  septum in th e  im pinger to p .  The septum in  the  e x i t  p o r t  was r e ­
p la c e d  as the n i t r o g e n  l i n e  was withdrawn from the  top o f  the im p inger .  
The a lk e n e ,  i f  f ro zen  (see  n i t r o g e n  d io x id e  procedure  above),  was a l lo w ­
ed to  warm to room te m p era tu re  a f t e r  5-10 mL o f  gas was removed from the 
s e a le d  im pinger to  p re v e n t  a p re s s u re  i n c r e a s e .  The co n n ec tin g  l i n e  
from th e  b u re t  was purged w ith  n i t r i c  oxide  u n t i l  n i t r o g e n  d io x id e  was 
v i s i b l e  in  the  a i r  (brown c o l o r ,  see Eq. 1 -2) a t  the  need le  t i p ,  then 
th e  n eed le  was in s e r t e d  in to  the  septum a t  the  top  o f  the  im p inger .  At 
t h i s  p o i n t ,  th e  i n i t i a l  volume o f  n i t r i c  ox ide  in  the  b u re t  was d e t e r ­
mined. I f  an a lkene  r e a c te d  w ith  n i t r i c  o x id e ,  the  need le  was removed
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a f t e r  the  d e s i r e d  amount o f  n i t r i c  ox ide  had en te re d  the  im pinger. A 
f i n a l  r e a d in g  o f  th e  gas volume was made, and s t i r r i n g  was con tinued  fo r  
an h o u r .  The amount o f  n i t r i c  ox ide  r e a c t in g  was determ ined by the 
change in  gas volume in  the  b u re t  w hile  the  need le  was i n s e r t e d .  The 
f i n a l  r e a c t i o n  m ix tu re  was t r e a t e d  by the  same procedure  as th a t  used 
f o r  the  n i t r o g e n  d io x i d e - r e a c t io n  m ix tu re  ( a b o v e ) .
d .  P ro d u c t  a n a ly s e s .  Water fo rm atio n  was determ ined  by GC an a ly ­
s i s ;  m ethanol was used as an i n t e r n a l  s ta n d a rd .  The GC column (Porapak® 
Q) was h ea ted  to  1 2 8 ° C . 7 3  ^  c a l i b r a t i o n  curve was used to  determ ine
th e  l i n e a r i t y  o f  th e  re sp o n se  o f  the  d e t e c to r  and the  amount o f  w ater 
b o th  i n i t i a l l y  and f i n a l l y  p re s e n t  in  the  rea g e n t  s o l u t i o n s . 74
Benzene and cy c lo h ex ad ien e  c o n v e rs io n s  were determ ined  by GC a n a l ­
y s i s ;  to lu e n e  was used as the  i n t e r n a l  s ta n d a rd .  The column (10% SP- 
2100) was h e a te d  to  7 5 ° C . 7 5
Oxides o f  n i t r o g e n  ( n i t r o u s  o x id e ,  n i t r i c  o x id e ,  and n i t ro g e n  
d io x id e )  were i d e n t i f i e d  by GC a n a l y s i s ;  pure gas s ta n d a rd s  were used to 
d e te rm in e  the r e t e n t i o n  time o f  each g as .  The column (Porapak® Q) was 
used  a t  room te m p e r a t u r e .76 xhe gases  were sampled w ith  a 1 .0  mL 
g as -sa m p lin g  s y r in g e  w hile  r e a c t i o n  between n i t r o g e n  d io x id e  and 1 ,4 -c y -  
c lo h e x a d ie n e  was in  p ro g re s s .  The method fo r  running  the  r e a c t i o n  from 
which gas samples were taken  was the  same as a l l  o th e r  r e a c t io n s  with 
th e  e x c e p t io n  t h a t  the  n i t r o g e n  purge was re p la c e d  by a helium  purge. 
(Helium was used in  th e se  a n a ly se s  because  n i t r o g e n  e l u t e s  w ith  n i t r i c  
o x id e  and p re v e n ts  p o s i t i v e ,  n i t r i c  ox ide  d e t e c t i o n . )
G. N itro sam ine  Form ation
The p o s s i b i l i t y  o f  forming n i t ro sa m in e  from added secondary  amine 
and the  n i t r o u s  a c id  g en e ra ted  by n i t r o g e n  d io x id e -a lk e n e  r e a c t io n s  was
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determ ined  in  th e  fo llo w in g  way. S o lu t io n s  o f  methyl o le a t e  and methyl 
l i n o l e a t e  c o n ta in in g  m i l l im o la r  c o n c e n t r a t io n s  o f  d icyclohexy lam ine  were 
exposed to  60 ppm n i t ro g e n  d io x id e  in  a i r . 77 The exposure procedure  
fo r  the  f a t t y  a c id  e s t e r  o x id a t io n  s tu d ie s  c o n ta in in g  i n h i b i t o r  ( s e c t i o n
C.) was used . Hexadecane was used as a c o n t ro l  s o lv e n t  to  de term ine  the  
amount of n i t ro sa m in e  formed as a r e s u l t  o f  d i r e c t  r e a c t i o n  of n i t r o g e n  
d io x id e  w ith  the  a m i n e . 78,79 Samples o f  the se  th r e e  s o lu t i o n s  as 
w e ll  as a sample o f  d ic y c lo h e x y l  amine were se n t  to  Dr. B i l l  Mergens of 
Hoffmann-LaRoche (N u tley ,  N .J . )  f o r  n i t ro sa m in e  a n a ly s e s .  The s p e c i f i c  
v a lu e s  of ex p e r im e n ta l  v a r i a b l e s  a re  l i s t e d  w ith  the  r e s u l t s  in  the  
fo l lo w in g  c h a p te r .
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3 .  RESULTS
I .  T ra n s fe r  Of N itro g en  D ioxide From The Gas To The L iqu id  Phase
For r e a c t io n s  u t i l i z i n g  a c a r r i e r  gas to  supp ly  n i t r o g e n  d io x id e ,  
th e  f r a c t i o n  o f  the  n i t r o g e n  d io x id e  t r a n s f e r r e d  to  the  l i q u i d  phase 
( t h e  t r a n s f e r  e f f i c i e n c y )  i s  a fu n c t io n  o f  a number o f  v a r i a b l e s :  the  
c o n c e n t r a t i o n  o f  n i t r o g e n  d io x id e  in  the  c a r r i e r  g a s ,  the  c o n c e n t r a t io n  
and r e a c t i v i t y  o f  s u b s t r a t e  in  th e  l i q u id  phase , and the  t o t a l  volume of 
s u b s t r a t e  or s u b s t r a t e  s o lu t i o n  above the  f r i t t e d - g l a s s  d i s k .  To i l l u s ­
t r a t e  the  dependence o f  a b s o rp t io n  on the  n i t r o g e n  d io x id e  c o n c e n tra ­
t i o n ,  I  found th a t  a t  10-70 ppm n i t r o g e n  d io x id e  70% o f  the  n i t r o g e n  
d io x id e  i s  t r a n s f e r r e d  to  1 .0  mL a l i q u o t s  o f  m ethyl l i n o l e a t e  (Table 
3 - 1 ) .  Below 10 ppm, the t r a n s f e r  e f f i c i e n c y  d e c re a se s  w ith  the n i t r o g e n  
d io x id e  c o n c e n t r a t io n  to  57% a t  0 .56  ppm^O and 45% a t  0 .28  p p m . S i m i ­
l a r l y ,  a t  30-40% n i t r o g e n  d io x id e  6 mL o f  6.6-M cyclohexene ab so rbs  >95% 
o f  the  d e l iv e r e d  n i t r o g e n  d i o x i d e , 82 b u t  a t  0.2% n i t r o g e n  d io x id e  on ly  
85-90% i s  a b s o r b e d . 83 xo i l l u s t r a t e  the  dependence o f  a b s o rp t io n  on 
s u b s t r a t e  c o n c e n t r a t io n  and r e a c t i v i t y ,  hexadecane ab so rbs  no d e t e c t a b l e  
amount of n i t r o g e n  d io x id e ,  bu t a l l  a lkenes  do (Tab. 3 - 1 ) .  I  a l s o  
observed  th a t  6 mL o f  a hexane s o lu t i o n  o f  1-M cyclohexene abso rbs  60% 
o f  the  d e l iv e r e d  n i t r o g e n  d io x id e  a t  a c o n c e n t r a t io n  o f  0 . 2 %,84 a t  a 
h ig h e r  c o n c e n t r a t i o n ,  6-M cyc lohexene ,  an equal volume o f s o lu t i o n  
ab so rb s  85-90% o f  the  d e l iv e r e d  n i t r o g e n  d i o x i d e . 83 xo show the 
dependence o f  a b s o rp t io n  on s u b s t r a t e  volume, 1 .0  mL o f  m ethyl o l e a t e  
ab so rb s  26% o f  the  d e l iv e r e d  n i t r o g e n  d io x id e  a t  40 ppm (T ab . 3 - 1 ) ,  bu t 
4 .6  mL ab so rb s  5 4 %.85 xn g e n e r a l ,  the g r e a t e r  the  e f f i c i e n c y  of
44
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T able  3 -1 .  T r a n s f e r  E f f i c i e n c y  Of N itro g en  D iox ide  From The Gas To 





D e l iv e ry  
Rate-NOg 
(mole/m in) 
( x  10®)
T ra n s fe r#
Rate-NOg P e rc e n t  NOg 




Methyl 10.4 7 .7 5 .8 76 31
L in o le n a te 21 .9 16.3 12. + 1 7 1 + 8 33
(1 8 :3 ) 25 .0 18.7 13. + 1 70 + 3 40
3 7 .5 28 .0 19. + 1 69 + 6 38
4 6 .8 35.0 24. + 1 70 + 3 43
4 7 .5 35.5 26 73 34
5 9 .2 44 .2 32. + .3 72 + .5 38
6 9 .2 51.7 37. + 1 73 + 2 37
Ave. : 72 + 2
Methyl 10.5 7 .9 5 .7+  .1 72 + .5 50
L in o le a t e 22 .8 17.0 13. + .4 77 + 3 52
(1 8 :2 ) 49 .3 36 .8 24. + 1 64 + 3 53
7 2 .0 53 .8 37. + 1 69 + 2 54
Ave. : 70 + 4
Methyl 10.5 7 .9 2 .2 +  .5 28 + 7 55
O le a te 24 .3 18.2 4 .6 +  1 25 + 6 56
(1 8 :1 ) 71 .0 53 .0 14. + 2 27 + 3 58
7 1 .0 53.0 13. + 1 25 + 2 59
7 1 .0 53.0 11. + 1 22 + 3 60
7 1 .0 53 .0 16. + 1 29 + 2 61
7 1 .0 53 .0 13. + 2 25 + 3 62
Ave. : 26 + 3
1-Hexadecene 71 .0 53.0 9. + 2 17 + 4 63
1 ,5 ,9 - C y c lo - 71 .0 53 .0 12. + 4 23 + 8 63
d o d e c a t r ie n e
Hexadecane 10.1 7 .6 0 .2 +  .4 2 + 4 133
* E f f i c i e n c i e s  were de te rm ined  f o r  1 .0  mL o f  n e a t  s u b s t r a t e ;  th e  a i r  
f lo w  r a t e  was 300 + 30 mL/min. The a v e ra g es  shown a re  o f  3 consecu ­
t i v e  d e te r m in a t io n s  f o r  i n d i v id u a l  r u n s ;  th e  o v e r a l l  av e ra g es  fo r  
th e  3 m ethy l e s t e r s  were c a l c u l a t e d  from a l l  i n d i v id u a l  runs  no t  the  
a v e ra g e  v a lu e s  shown.
t l h e  c o n c e n t r a t i o n  u n i t s  o f  ppm a re  d e f in e d  as micrograms o f  n i t r o g e n  
d io x id e  per  g o f  a i r .
§ T ra n s fe r  R ate  = (D e l iv e ry  R a te ) - ( R a te  o f  Loss o f  NO2  from bub­
b l e r ) ,  which was measured by t r a p p in g  e f f l u e n t  N0 2 *
IRun numbers a r e  d e f in e d  by page number o f  experim en t in  no tebook  I I .
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c o n ta c t  between s u b s t r a t e  and n i t r o g e n  d io x id e ,  the  g r e a t e r  th e  e f f i c i ­
ency o f  t r a n s f e r  o f  n i t r o g e n  d io x id e  from the  gas to  the  l i q u i d  phase .
Note t h a t  1 ,5 ,9 - c y c Io d o d e c a t r i e n e  and methyl o l e a t e  absorb  n i t r o g e n  
d io x id e  w ith  the  same e f f i c i e n c y  (Tab. 3 -1 )  even though the  numbers o f  
t h e i r  r e a c t i v e  s i t e s  (b o th  double bonds and a l l y l i c  hydrogens) d i f f e r  by 
a f a c t o r  of 3. S im i l a r l y ,  both  methyl l i n o l e a t e  and methyl l i n o l e n a t e  
abso rb  n i t r o g e n  d io x id e  w ith  equal e f f i c i e n c y  though the  number o f  t h e i r  
r e a c t i v e  s i t e s  d i f f e r  a l s o .  Though th e se  d a ta  i n d i c a t e  th a t  a b s o rp t io n  
e f f i c i e n c y  i s  no t  a fu n c t io n  o f  r e a c t i v e - s i t e  c o n c e n t r a t i o n ,  s i g n i f i c a n t  
changes in  a b s o rp t io n  e f f i c i e n c y  do occur vdien the  c o n c e n t r a t io n s  o f  the 
d i f f e r e n t  types  o f  r e a c t i v e  s i t e s  a re  changed. For example, th e  a d d i­
t i o n  o f  double bonds and a l l y l i c  hydrogens ( th e  exchange o f  m ethyl o l e ­
a t e  fo r  hexadecane) and the  a d d i t io n  o f  d o u b l y - a l l y l i c  hydrogens ( th e  
exchange of m ethyl l i n o l e a t e  fo r  m ethyl o l e a t e )  bo th  cause a l a rg e  i n ­
c r e a s e  in  the  a b s o rp t io n  e f f i c i e n c y  o f  the  l i q u id  phase . (T h is  l a t t e r  
o b s e rv a t io n  was an e a r l y  i n d i c a t i o n  t h a t  i n i t i a t i o n  by hydrogen a b s t r a c ­
t i o n  i s  as im p o r tan t  as i n i t i a t i o n  by a d d i t i o n . )
I f  a b s o rp t io n  e f f i c i e n c y  i s  a l i n e a r  fu n c t io n  o f  s u b s t r a t e  concen­
t r a t i o n ,  homogenous, s o lu t io n - p h a s e  k i n e t i c s  p r e d i c t s  t h a t  the  r e a c t i o n  
r a t e  should  t r i p l e  i f  th e  c o n c e n t r a t i o n  o f  the  r e a c t i v e  s p e c ie s  t r i p l e s .  
However, w ith  n i t r o g e n  d io x id e  undergo ing  phase t r a n s f e r  b e fo re  r e a c t ­
in g ,  the  assum ptions  o f  s im p le ,  homogeneous k i n e t i c s  may not app ly  to  my 
r e a c t i o n s .  To show t h a t ,  in  p a r t ,  a monotonie r a t e  law governs ab so rp ­
t i o n  o f  n i t r o g e n  d io x id e ,  I  measured the  change in  a b s o rp t io n  e f f i c i e n c y  
as  a fu n c t io n  o f  the  d o u b l y - a l l y l i c  hydrogen c o n c e n t r a t i o n .  The p e rc e n t  
n i t r o g e n  d io x id e  absorbed i s  p l o t t e d  in  F ig u re  3-1 as  a fu n c t io n  of the 
m ethy l l i n o l e a t e  c o n c e n t r a t io n  in  m ethyl o l e a t e .  The l i n e a r i t y  o f  the







Mole % 18:2 in !8:|
75 100
F igu re  3 -1 .  The p e rce n tag e  of n i t r o g e n  d io x id e  absorbed by the s u b s t r a t e  
s o l u t i o n  p l o t t e d  as a fu n c t io n  o f  the p e rcen t of methyl l i n ­
o l e a t e  (18 :2 )  in  methyl o le a te  ( 1 8 :1 ) .  The s u b s t r a t e  s o l u ­
t i o n  was co n ta in ed  in  a f r i t t e d  d is k  bubb le r  a t  30“C and ex­
posed to  45 ppm NOg in  a i r .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
change in d i c a t e s  t h a t  the  a b s o rp t io n  e f f i c i e n c y ,  i . e . , the  r a t e  o f  phase 
t r a n s f e r  and r e a c t i o n  w ith  s u b s t r a t e  a t  a  p a r t i c u l a r  d e l iv e r y  r a t e ,  i s  a 
l i n e a r  fu n c t io n  o f  competing r a t e  c o n s ta n ts  and s u b s t r a t e  co n c e n tra ­
t i o n s .  I t  is  no t c l e a r ,  however, how to  draw any f u r th e r  co n c lu s io n s  
co ncern ing  the  r e l a t i v e  v a lu es  o f  the  r a t e  c o n s ta n t s  inv o lv ed .
I I .  R eac tion  Of N itro g en  D ioxide With Cyclohexene
A. In  th e  Absence o f  Oxygen
Table  3-2  l i s t s  the  p r i n c i p l e  p roduc ts  I  have i d e n t i f i e d  from r e a c ­
t i o n s  of n i t r o g e n  d io x id e  and cyclohexene in  th e  absence o f  oxygen; 
t h e s e  compounds account f o r  97 14% o f  th e  cyc lohexene  and n i t ro g e n
d io x id e  consumed.86 The t a b le  shows the  mole p e rce n tag es  o f  p roduc ts  
grouped acco rd in g  to  the  i n i t i a t i o n  mechanism r e s p o n s ib le  fo r  t h e i r  f o r ­
m a tio n .  (The p ro d u c ts  are  a l s o  l i s t e d  in  o rd e r  o f  d e c re a s in g  v o l a t i l ­
i t y . )  The upper p ro d u c ts  a re  the  s u b s t i t u t e d  cyclohexenes  th a t  r e s u l t  
from i n i t i a t i o n  by hydrogen a b s t r a c t i o n .  The lower compounds r e s u l t  
from i n i t i a l  a d d i t io n  o f  n i t r o g e n  d io x id e  to  the  double bond o f  cy c lo ­
hexene and are  a d d i t io n  p ro d u c ts .  Though 1 -n i t ro c y c lo h e x e n e  i s  a sub­
s t i t u t e d  cyc lohexene ,  i t  i s  c l a s s i f i e d  as an a d d i t io n  p r o d u c t .13 I  
b e l i e v e  i t  r e s u l t s  from i n i t i a l  a d d i t io n  o f  n i t r o g e n  d io x id e  to  c y c lo ­
hexene (Eq. 3 -1 )  fo llow ed  by a b s t r a c t i o n  o f  a hydrogen atom by a second 
m olecu le  o f  n i t r o g e n  d io x id e  (Eq. 3 - 2 ) .
NOg + HÇ=ÇH ------> OgN-HÇ-ÇH ( 3 - 1 )
0 .  N-HC-CH + NO., ------> HONO + 0_N-C=CH ( 3 - 2 )
Z —I I L  — Z * *
The w eight p e rce n tag es  o f  t o t a l  n i t r o g e n  ox ides  ( n i t r o g e n  d io x id e  
p lu s  d in i t r o g e n  t e t r o x i d e )  in  n i t r o g e n  a re  l i s t e d  ac ro ss  the  top of
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Table 3 -2 . Mole P e rc e n ta g e s  Of P ro d u c ts  From The R eac tion  Of Cyclohex­
ene And NOj In The Absence Of Oxygen At 30*0.
Wt. % NOg In N itrogen : 37 6.1 .48 .28 .20 .10 .071 .016 .016* .0078*
Exper. No.: Book- VI VI VI VI VI VI VI VII VII V II
Page- 110 109 106 81 92 78 95 13 19 18
S u b s t i t u t i o n  P ro d u c ts  By
Hydrogen A b s t r a c t io n
2-C yclohexenol 1 5 12 13 15 20 25^ 43 63 69
2-Cyclohexenyl N i t r a t e 2 3 4 5
3-N itro cy c lo h ex en e 5 12 24 29 27 49 39 31 11 13
2-Cyclohexenone Oxime 7 3 1 3 <1 2 13 12
Mole P e rcen t  S u b s t i t u ­ 6 24 39 45 48 73 71 74 87 94t i o n  P ro d u c ts
A ddition  P ro d u c ts
1-N it ro c y c lo h e x e n e 33 30 13 11 13 5 7 9 1 2
2 -N itro cy c lo h ex an o l 61 46 44 38 39 21 22 17 9 3
2 -N it ro c y c lo h e x y l  N i t r a t e 1 3 <1 <1
1 ,2 -D in i t ro c y c lo h e x a n e <1 <1 3 3 <1 1 3 1
Mole P e rc e n t  Addi­ 94 76 61 55 52 77 29 76 13 6t io n  P ro d u c ts
T o ta l  Moles P rod .^  (xlO^) 33 15 15 20 8.7 9.1 6.7 2.1 8.5 3 .6
T o ta l  Moles N02^^ (xlO^) 65 30 21 30 13 14 10 3 .2 8.8 3 .8
K.C.L. (Prod./NO^) .51 .50 .71 .66 .67 .65 .67 .66 .97 .95
* U l t r a  High P u r i t y  N itro g e n  (99.999%).
f  T h is  25% was shown to be 93% n i t r i t e  and 7% a lc o h o l  when an a lyzed  
b e fo re  t r a n s e s t é r i f i c a t i o n  by m ethanol ( s e e  D is c u s s io n ,  Eq. 4 -1 0 ) .  
T hus, n i t r i t e  e s t e r  i s  s t a b l e  under our c o n d i t i o n s ,
t  The v a lu e s  shown in c lu d e  k e to n e  as a m inor p ro d u c t .
§ The t o t a l  moles o f  a l l  i d e n t i f i e d  p ro d u c ts  a re  shown; th e  average  
p ro d u c t  y i e l d  i s  97 +_14% (s e e  Appendix, p . 116). 
t t  The t o t a l  moles o f  NO2  t h a t  r e a c te d  w ith  cyc lohexene .
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Table 3 -2 .  As ex p ec ted ,  a d d i t io n  p roduc ts  a re  the  major p ro d u c ts  a t  
h ig h  n i t r o g e n  o x ide  c o n c e n t r a t i o n ,  b u t  s u b s t i t u t i o n  ( i . e . , hydrogen- 
a b s t r a c t i o n )  p ro d u c ts  become the  major p ro d u c ts  as the  n i t r o g e n  d io x id e  
l e v e l s  d e c re a s e .  At h ig h  n i t r o g e n  oxide  c o n c e n t r a t i o n ,  I  o bse rved  the 
same m ajor a d d i t io n  p ro d u c ts  th a t  a re  formed in  r e a c t io n s  run a t  0°C and 
h ig h  c o n c e n t r a t io n s  o f  n i t r o g e n  d io x id e  in  s o lu t i o n ,  e . g . , the  n i t r o a l -  
coho l (from  r e a c t i o n  o f  a lc o h o l  o r  w ate r  w ith  the n i t r o - n i t r i t e  e s t e r )  
and d i n i t r o  adducts .1 3 ,1 4  However, u n l ik e  p rev io u s  w orkers ,  I  was a l s o  
a b le  to  observe  a t r a c e  o f  h y d ro g e n -a b s t r a c t io n  p roduct by GC a n a ly s i s  
(1-3% o f  3 -n i t ro c y c lo h e x e n e )  even when cyclohexene was added to  excess  
n i t r o g e n  d io x i d e - d in i t r o g e n  t e t r o x i d e  in  e th e r  a t  0°C.87
With d e c re a s in g  n i t r o g e n  oxide  c o n c e n t r a t io n ,  the  y ie ld  o f  a l l  ad­
d i t i o n  p ro d u c ts  d e c r e a s e s ,  and th e  y ie ld  o f  a l l  s u b s t i t u t i o n  p roduc ts  
i n c r e a s e s ;  th e r e  a re  a l s o  changes in  th e  p roduct d i s t r i b u t i o n s  w i th in  
each  o f  th e se  two groups o f  p ro d u c ts .  For example, 3 -n i t ro c y c lo h e x e n e  
changes from th e  main a b s t r a c t i o n  p roduct a t  h igh  n i t r o g e n  d io x id e  con­
c e n t r a t i o n s  to  a  minor p ro d u c t  a t  ppm l e v e l s  o f  n i t r o g e n  d io x id e .  Con­
v e r s e l y ,  2 -cy c lo h ex en o l  changes from a minor to  a major a b s t r a c t i o n  p ro ­
d u c t  as the  n i t r o g e n  d io x id e  c o n c e n t r a t io n  i s  dec re ase d .
More e x t e n s iv e  p ro d u c t  d a t a  ( s e e  appendix , p 113) a re  p l o t t e d  in  
F ig u re  3-2 in  which th e  mole p e rc e n t  o f  a d d i t io n  i s  p l o t t e d  as a fu n c ­
t i o n  o f  th e  c o n c e n t r a t i o n  o f  th e  n i t r o g e n  ox ides  in  n i t r o g e n .  In  bo th  
th e  t a b l e  and f i g u r e ,  th e  mole p e rc e n ta g e  o f  a d d i t io n  (o r  a b s t r a c t i o n )  
p ro d u c ts  i s  c a l c u l a t e d  as th e  r a t i o  o f  th e  sum o f  a d d i t io n  (o r  a b s t r a c ­
t i o n )  p ro d u c ts  t o  the  sum o f  a l l  p ro d u c ts  formed. A l i n e a r  r e l a t i o n s h i p  
e x i s t s  between th e  mole p e rc e n t  a d d i t io n  and n i t r o g e n  ox ide  c o n c e n t r a ­
t i o n  o v er  th e  c o n c e n t r a t i o n  range  s tu d ie d .
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-3 -2
Log (Wt.  % NO2 + N 2 O4 )









ppm (NO 2 + N2 O4  )
F ig u re  3 -2 .  The mole p e rc e n ta g e  o f  c y c lo h e x e n e  r e a c t i n g  w i th  n i t r o g e n  
d io x id e  by a d d i t io n  in  the  a b s e n c e  o f  oxygen  p l o t t e d  as a 
f u n c t io n  o f  th e  t o t a l  n i t r o g e n  oxide  c o n c e n t r a t io n  in  n i t r o ­
gen .  The r e a c t i o n s  were run  in  a f r i t t e d - d i s k  b u b b l e r  a t  
30°C w ith  6 mL o f  6 .6  M (60%) cyclohexene in  hexane.
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B. In  th e  P resence  o f  Oxygen
S im i la r  to  the r e s u l t s  shown in  Table  3 -2 ,  the p r in c i p l e  p ro d u c ts
we have i d e n t i f i e d  from r e a c t io n s  o f  n i t r o g e n  d io x id e  and cyclohexene in
th e  p resence  o f  oxygen a re  l i s t e d  in  Table  3 -3 ; th e s e  compounds account
88fo r  97 14% o f  th e  cyclohexene and n i t r o g e n  d io x id e  consumed. The
ta b l e  shows the  mole p e rce n tag es  o f  p ro d u c ts  grouped accord ing  to  i n i t i ­
a t i o n  mechanism and in  o rd e r  o f  p roduct v o l a t i l i t y .
The w eight p e rce n tag es  o f  t o t a l  n i t r o g e n  ox ides  in  the  c a r r i e r  gas 
as w ell as the  i d e n t i t y  o f  the  c a r r i e r  gas ( a i r  or oxygen) a re  l i s t e d  
a c ro s s  the  top  o f  the  t a b l e .  As in  the  absence o f  oxygen, a d d i t io n  p ro­
d u c ts  a re  the m ajor p roduc ts  a t  h igh  n i t r o g e n  oxide  c o n c e n t r a t io n ,  b u t  a 
h ig h e r  p e rcen tag e  o f  a b s t r a c t i o n  p roduc ts  i s  formed a t  a g iven  n i t r o g e n  
ox ide  c o n c e n t r a t io n  in  the  p resence  o f  oxygen. As the  l e v e l  o f  n i t r o g e n  
d io x id e  i s  d e c re a se d ,  the  y ie ld  o f  s u b s t i t u t i o n  p ro d u c ts  in c r e a s e s ,  and
2-cyc lohexeny l hydroperox ide  becomes the  most abundant p ro d u c t ,  as ex­
p e c t e d . 48
The d a ta  o f  Table 3-3 a re  p l o t t e d  in  F igure  3 -3 ,  and the  d a ta  o f  
F igu re  3-2 a re  r e p re s e n te d  by a dashed l i n e .  The mole p e rce n tag e  o f  ad­
d i t i o n  p ro d u c ts ,  c a l c u la te d  by two m ethods, is  p lo t t e d  as a  fu n c t io n  o f  
th e  n i t ro g e n  d io x id e  c o n c e n t r a t io n  in  a i r ,  or oxygen. The open p o in t s  
deno te  the mole p e rcen t  o f  a d d i t io n  c a l c u l a t e d  as a  f r a c t io n  of a l l  p ro ­
d u c ts  formed (a s  in  F ig .  3 - 2 ) .  The f i l l e d  p o in t s  denote  the  p e rc e n t  ad­
d i t i o n  c a l c u la te d  as a r a t i o  o f  the  sum o f  a l l  a d d i t io n  p ro d u c ts  (formed 
p r im a r i ly  by n i t r o g e n - d io x id e  i n i t i a t i o n )  to  the  sum of a l l  p roduc ts  
formed by i n i t i a t i o n  w ith  n i t r o g e n  d io x id e .  This  l a t t e r  method o f  c a l ­
c u l a t i o n  (d is c u s s e d  l a t e r )  i s  used to  c o r r e c t  fo r  the  c o n t r i b u t i o n  o f
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Table 3 -3 .  Mole P e rcen tag es  Of P roduc ts  From The R eac tion  Of Cyclohex­
ene And NOg In The P resence  Of Oxygen At 30*0.
Wt. % NOg In C a r r i e r : 49 30 4 .7 3.4 .42 .33 .20 .20 .071 .016 .0076
C a r r i e r  Gas: °2 A ir A ir °2 °2 A ir °2 A ir A ir A ir A ir
Exper. No.: Book- VI VI VI VI VI VI VI VI VI VII VII
Page- 112 114 113 111 105 104 102 100 97 10 17
S u b s t i t u t i o n  P ro d u c ts  By 
Hydrogen A b s t r a c t io n
2-C yclohexenol 2 9 12 11 17 23 28 26 30 24 22
2-Cyclohexenyl
H ydroperoxide* 1 1 13 14 17 15 23 15 39 69 76
2-C yclohexenyl N i t r a t e 6 2 19 31 39 40 32 48 23 3 <1
3 -N itro cy c lo h ex en e 4 8 2 1 <1 2 2 <1
Mole P e rc e n t  S u b s t i t u ­
t i o n  P ro d u c ts 13 20 46 57 73 80 85 89 92 96 98
A ddition  P ro d u c ts
1-N itro c y c lo h e x e n e
2 -N itro c y c lo h e x a n o l
18 26 8 4 1 <1 <1 1 <1
64 48 41 33 20 13 12 7 8 4 2
2 -N it ro c y c lo h e x y l  N i t r a t e 5 2 5 5 5 6 2 3
1 ,2 -D in i t ro c y c lo h e x a n e <1 4 <1 1 1 1 1
Mole P e rc e n t  Addi­
t i o n  P ro d u c ts 87 80 54 43 27 20 15 11 8 4 2
T o ta l Moles P rod .^ (x lO ^) 105 73 31 30 30 24 35 35 45 19 14
T o ta l Moles NOg^CxlO^) 190 130 38 33 20 12 16 16 14 3.1 1 .6
K.C.L,. (Prod./NO?) .55 .56 .82 .91 1.5 2.0 2 .2 2.2 3.2 6.1 8 .8
* In c lu d e s  y i e l d s  o f  2-cyclohexenone t h a t  a re  5— 15% o f  th e  y i e l d s  o f  
th e  2 -cy c lo h ex en y l hyd roperox ide  shown.
t  The v a lu e s  shown in c lu d e  n i t r o k e to n e  and n i t ro h y d ro p e ro x id e  as  minor
p ro d u c ts .
§ The t o t a l  moles o f  a l l  i d e n t i f i e d  p ro d u c ts  a re  shown; th e  average  
p roduc t  y i e ld  i s  97 14% (see  Appendix, p. 116).
1 The t o t a l  moles o f  NOg t h a t  r e a c te d  w ith  cyc lohexene .
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F ig u r e  3 - 3 .  The m ole  p e r c e n ta g e  o f  c y c lo h e x e n e  r e a c t i n g  w i t h  n i t r o g e n  
d io x id e  by a d d it io n  in  th e  p r e s e n c e  o f  oxygen  c a l c u l a t e d  b y  
tw o m ethods and p lo t t e d  a s  a f u n c t io n  o f  th e  t o t a l  n i t r o g e n  
o x id e  c o n c e n t r a t io n  in  a i r  or  o x y g e n . The o p en  p o i n t s  d e ­
n o te  th e  m ole % o f  a d d i t io n  c a l c u la t e d  a s  a  f r a c t i o n  o f  a l l  
p r o d u c ts  form ed . The f i l l e d  p o in t s  d e n o te  th e  m o le  X  a d d i ­
t i o n  c a l c u la t e d  as a  f r a c t i o n  o f  o n ly  p r o d u c ts  i n i t i a t e d  b y  
n it r o g e n  d io x i d e .  The r e a c t io n s  w ere run in  a  f r i t t e d - d i s k  
b u b b le r  a t  30"C w ith  6 mL o f  6 .6  M (60%) c y c lo h e x e n e  in  h ex ­
a n e .
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a u to x id a t iv e  ch a in  p ro d u c ts  to the  p roduct t o t a l  used fo r  d e te rm in a t io n  
o f  the p e rc e n t  a d d i t io n .
C. K in e t ic  Chain Length
The k i n e t i c  ch a in  le n g th  (KCL) i s  d e f in e d  as the  r a t i o  o f  the moles 
o f  s u b s t r a t e  consumed (o r  p roduc t formed) to  the moles o f  i n i t i a t o r  
r e a c t i n g . 89 The KCL fo r  th e  n i t r o g e n  d io x id e -cy c lo h ex en e  r e a c t io n s  
i s  p l o t t e d  as a fu n c t io n  o f  the  p e rc e n t  a b s t r a c t i o n  (F ig .  3 - 4 ) ,  an in ­
v e r s e  fu n c t io n  o f  the  n i t r o g e n  d io x id e  c o n c e n t r a t i o n .  The d a ta  show 
t h a t  in  th e  absence o f  oxygen, the KCL in c r e a s e s  from 0 .5  a t  low p e rce n t  
a b s t r a c t i o n  (h ig h  n i t r o g e n  d io x id e  c o n c e n t r a t io n )  to  1 .0  a t  h ig h  p e rc e n t  
a b s t r a c t i o n  (low n i t r o g e n  d io x id e  c o n c e n t r a t i o n ) .
In  the  p resen ce  o f  oxygen, the  KCL a l s o  eq u a ls  0 .5  a t  low percen­
ta g e s  o f  hydrogen a b s t r a c t i o n .  However, the  KCL in c r e a s e s  to  a v a lu e  of 
about n ine  a t  ppm l e v e l s  o f  n i t r o g e n  d io x id e  (h ig h  p e rc e n t  a b s t r a c t i o n ) .  
The a d d i t i o n a l  moles o f  p ro d u c t ,  e . g . , 2 -cy c lo h ex en y l  h y d ro p ero x id e ,  are  
produced by cyclohexene a u to x id a t io n  i n i t i a t e d  by n i t r o g e n  d i o x i d e . 48
D. V a r ia t io n  o f  th e  Cyclohexene C o n c e n tra t io n
The n i t r o g e n  d io x id e -c y c lo h e x e n e  r e a c t i o n  mechanism is  a l s o  a func­
t i o n  o f  the  c o n c e n t r a t io n  o f  cyclohexene in  h e x a n e . 90 0.2% n i t r o g e n
d io x id e ,  the  p ro d u c t r a t i o  changes by 20-25% over  the  range o f  cyc lohex­
ene c o n c e n t r a t i o n s  s tu d ie d  (F ig .  3 - 5 ) .  We have no e x p la n a t io n  fo r  t h i s  
b e h a v io r ,  bu t  the  observed  change in  mechanism p a r a l l e l s  the change in  
mechanism observed  a t  c o n s ta n t  cyclohexene c o n c e n t r a t io n  when the  n i t r o ­
gen d io x id e  c o n c e n t r a t i o n  was v a r i e d .  That i s ,  a b s t r a c t i o n  becomes 
fa v o re d  i f  the  n i t r o g e n  d io x id e  c o n c e n t r a t io n  i s  d ec reased  r e l a t i v e  to  
t h a t  o f  cy c lo h ex en e ,  and, c o n v e r s e ly ,  a d d i t io n  becomes favored  i f  the
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F ig u re  3 -4 .  The KCL o f  r e a c t i o n s  i n i t i a t e d  by n i t r o g e n  d i o x i d e  p l o t t e d  
a s  a fu n c t io n  o f  the  p e rc e n t  of r e a c t io n  i n i t i a t e d  by hydro­
gen a b s t r a c t i o n .
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% C yc l ohexene  in H e x o n e
F ig u re  3 -3 .  The mole p e rce n tag e  o f  c y c lo h e x e n e  r e a c t i n g  w i th  n i t r o g e n  
d io x id e  by a d d i t io n  p l o t t e d  as a fu n c t io n  o f  the  cyclohexene 
c o n c e n t r a t i o n  in  h e x a n e .  T h ese  r e a c t i o n s  w ere ru n  in  a 
f r i t t e d - d i s k  b u bb le r  a t  30°C a t  0.2% NO2  in  n i t r o g e n .
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n i t r o g e n  d io x id e  c o n c e n t ra t io n  i s  in c re a se d  r e l a t i v e  to  th a t  of cy c lo ­
hexene .
I I I .  R eac tion  Of N itro g en  Dioxide With Alkenes In A Sealed  V esse l
Table 3-4 shows the  r e s u l t s  o f  experim ents  by which we determ ined  
th e  p e rc e n t  o f  hydrogen a b s t r a c t i o n  o cc u r r in g  in  r e a c t i o n s  o f  n i t r o g e n  
d io x id e  w ith a number o f  a lk e n e s .  N itro u s  a c id  i s  the  on ly  p roduct u n i ­
v e r s a l l y  formed by hydrogen a b s t r a c t i o n ,  e . g . , Eq. 3 -2 ,  so th e se  r e a c ­
t i o n s  were performed in  a se a le d  v e s s e l  to  de term ine  the  amount o f  w ater 
produced by n i t r o u s  a c id  decom position  (Eq. 3 -3 ) .9 1  Since 50% o f
2 HONG -----^ NO + NO  ̂ + H^O (3 -3 )
th e  n i t r o g e n  d io x id e  r e a c t in g  by hydrogen a b s t r a c t i o n  i s  re g e n e ra te d  by 
th e  decom position  o f  n i t r o u s  a c id ,  the  f r a c t i o n  o f  r e a c t io n  o c c u r r in g  by 
hydrogen a b s t r a c t i o n  does no t s im ply equal th e  r a t i o  o f  w ater  formed to 
n i t r o g e n  d io x id e  consumed by r e a c t i o n .
Through i t e r a t i v e  c a l c u l a t i o n s  in  which the i n i t i a l  moles o f  n i t r o ­
gen d io x id e  and the f r a c t i o n  o f  r e a c t io n  by a b s t r a c t i o n ,  " x " , are  de­
f in e d ,  one can g e n e ra te  v a lu e s  o f  the r a t i o :  ( t o t a l  moles o f  w ate r  form- 
e d ) / ( t o t a l  n i t r o g e n  d io x id e  r e a c t e d ) .  For example, i f  th e re  i s  i n i t i a l ­
l y  one mole o f  n i t r o g e n  d io x id e  and a l l  r e a c t i o n  i s  by hydrogen a b s t r a c ­
t i o n  ("x"  = 1 . 0 ) ,  one mole o f  n i t r o u s  ac id  i s  formed. On decom position  
(Eq. 3 - 3 ) ,  the  n i t r o u s  a c id  forms 0 .5  moles o f  w a te r ,  0 .5  moles o f  n i ­
t r i c  o x id e ,  and r e g e n e ra te s  0 .5  moles o f  n i t r o g e n  d io x id e .  Complete 
r e a c t i o n  of t h i s  0 .5  moles o f  n i t r o g e n  d io x id e  by hydrogen a b s t r a c t i o n  
forms an a d d i t i o n a l  0 .25  moles o f  w a te r ,  n i t r i c  o x id e ,  and n i t r o g e n  d i ­
o x id e .  U l t im a te ly ,  complete r e a c t io n  by hydrogen a b s t r a c t i o n  co n v e r ts  
th e  mole of n i t r o g e n  d io x id e  to  a mole o f  w ater  and a mole o f  n i t r i c
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
Table 3 -4 .  Water P ro d u c t io n  From Hydrogen A b s t r a c t i o n  By 














P e r c e n t t  
A b s t r a c t io n
Run N o . t t
1 ,4 -C y c lo - 17.3 22.7 1.31 100













1 ,3 -C y c lo -  
hexad iene
11.8 7 .9 0.67 801 114
Methyl 9 .8 5 .5 0 .56 71 110
L in o le n a te 13 .4 7 .3 0 .54 116
Methyl 8 .7 4 .3 0 .50 67 109
L in o le a te 11.5 5 .9 0.51 117
Cyclohexene 10.6 4.1 0 .39 56** 104
1 ,5 ,9 -C y c lo -  
d o d e c a t r ie n e
13.3 4 .7 0 .35 52 113
1-Hexadecene 16.5 3 .9 0 .23 37 112
Methyl O lea te 13 .4 3 .0 0 .22 36 108
* R e a c t io n s  w ere done in  a s e a l e d  v e s s e l  a t  30°C w i th  0 .5 -1 %  
(w/w) n i t r o g e n  d io x id e  in  n i t r o g e n ,  
fThe p e rc e n t  hydrogen a b s t r a c t i o n  was c a l c u l a t e d  from the  v a lu e s  
o f  the  r a t i o :  (moles w a te r ) / (m o le s  NO2 ) (Eq. 3 -3 ) .9 1  
t tT h e  run  number i s  d e f in e d  by the  page number o f  the e x p e r im e n t  
in  notebook I I .
§ A d d it io n a l  w a te r  a r i s e s  from a b s t r a c t i o n  by n i t r i c  oxide  & sub­
sequen t d is m u ta t io n  (Eq. 3 - 5 ) .9 2  
HBenzene observed  as a m ajor p ro d u c t .
**This v a lu e  ag re e s  w ith  the  v a lu e  o b ta in e d  by the  t o t a l  p r o d u c t  
s tu d y  ( F ig .  3 - 2 ) .
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o x id e .  In  t h i s  c a s e ,  the  molar r a t i o  o f  w ater formed to  n i t r o g e n  d iox­
id e  consumed eq u a ls  1 .0 .
A p lo t  o f  v a lu e s  o f  the r a t i o ,  w a te r /n i t r o g e n  d io x id e ,  g en e ra ted  
from random v a lu e s  o f  "x" y i e l d s  a graph w ith  which to  de term ine  v a lu e s  
o f  "x" from e x p e r im e n ta l  w a te r - n i t r o g e n  d io ix d e  r a t i o  v a lu e s .  A l te rn a ­
t i v e l y ,  "x" v a lu e s  can be c a l c u l a t e d  more d i r e c t l y  from an e m p ir ic a l  
r e l a t i o n s h i p  (Eq. 3 -4 )  d e r iv e d  from the  i t e r a t i v e  p ro ced u re .  (E qua tion
(Moles w ate r  formed) _ (0 .5 x )
(Moles NOg consumed) ( l  -  0 .5x )
3-4  i s  based on the  f a c t  th a t  bo th  the moles o f  w ate r  formed and the  
moles o f  n i t r o g e n  d io x id e  consumed a re  p ro p o r t i o n a l  to  h a l f  the  mole 
f r a c t i o n  o f  a b s t r a c t i o n  (Eq. 3 - 3 ) . )  We used t h i s  e q u a t io n  to  c a l c u l a t e  
th e  v a lu e s  of p e rc e n t  a b s t r a c t i o n  (lOOx) from our ex p e r im e n ta l  r a t i o  
v a lu e s  (Tab. 3 - 4 ) .
Note th a t  the p e rc e n t  a b s t r a c t i o n  de term ined  fo r  cyclohexene by 
w a te r  a n a ly s i s  eq u a ls  th e  v a lu e  determ ined  by com plete  p roduct a n a ly s i s  
a t  the same n i t r o g e n  d io x id e  c o n c e n t r a t i o n ,  0.5-1% (F ig .  3 - 2 ) .  This 
i n d i c a t e s  t h a t  t h i s  w a te r - a n a ly s i s  method i s  a r e a s o n a b ly  a c c u ra te  
method o f  m easuring  the amount o f  a lk e n e -n i t ro g e n  d io x id e  r e a c t io n  
o c c u r r in g  by hydrogen a b s t r a c t i o n .  Also no te  t h a t  compared to  c y c lo ­
h exene ,  the  compounds in  Table  3-4  w ith  d o u b l y - a l l y l i c  hydrogens r e a c t  
more e x t e n s i v e l y  by hydrogen a b s t r a c t i o n ,  and the  compounds w ithou t 
d o u b l y - a l l y l i c  hydrogens r e a c t  l e s s  by a b s t r a c t i o n .  F u r th e r ,  the  acy­
c l i c  a lk e n e s ,  w ith  or w ith o u t d o u b l y - a l l y l i c  hyd ro g en s ,  r e a c t  l e s s  by 
hydrogen a b s t r a c t i o n  than  t h e i r  c y c l i c  c o u n t e r p a r t s .  (T h is  may r e s u l t  
from an in c re a s e  in  s t e r i c  h in d ra n c e  about the  a l l y l i c  hydrogens o f  the 
a c y c l i c  a l k e n e s . )
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The v a lu e  o f  113% a b s t r a c t i o n  observed fo r  1 ,4 -cyc lohexad iene  i s  
n o t  p o s s ib le  i f  w a te r  i s  formed only  by decom position  o f  n i t r o u s  acid  
(Eq. 3 - 3 ) .  Repeated experim en ts  y ie ld e d  c o n s i s t e n t l y  h igh  v a lu e s  for 
t h i s  r a t i o  o f  w ate r  formed to  n i t r o g e n  d io x id e  consumed, so I  sought an 
a l t e r n a t e  source  o f  w a te r .  I  i n i t i a l l y  b e l ie v e d  th a t  on ly  n i t ro g e n  
d io x id e  would r e a c t  w ith  th e se  a lk en es  a t  room te m p era tu re ;  in  g e n e ra l ,  
t h i s  i s  t r u e . 16 % found, however, th a t  two e x ce p tio n s  to t h i s  r u le
a r e  1 ,4 -  and l ,3 - c y c lo h e x a d ie n e .7 1  These d ien es  not on ly  r e a c t  with 
n i t r o g e n  d io x id e  by hydrogen a b s t r a c t i o n  bu t a l so  w ith the n i t r i c  oxide 
g e n e ra te d  from n i t r o u s  ac id  decom position . H yponitrous ac id  (HNO) i s  
formed, bu t  i t  decomposes to  n i t r o u s  oxide (N2 O) and the  a d d i t io n a l  
w a te r  observed  (Eq. 3 - 5 ) .9 2  1 de term ined  th a t  t h i s  was o c cu rr in g  in
2 HNO -----> H^O + N^O (3 -5 )
th e  r e a c t io n  o f  n i t r o g e n  d io x id e  w ith  1 ,4 -c y c lo h ex a d ien e  by m on ito r in g  
th e  r e l a t i v e  g as -p h ase  c o n c e n t r a t io n s  o f  the th re e  n i t r o g e n  oxides over 
th e  course  o f  a r e a c t i o n .  F ig u re  3-6  shows th a t  n i t r i c  oxide i s  r a p id l y  
formed w hile  n i t r o g e n  d io x id e  i s  added to  the  r e a c t io n  v e s s e l ,  bu t i t  i s  
u l t i m a t e l y  consumed by r e a c t io n  w ith  1 ,4 -c y c lo h ex a d ien e  to form the more 
s t a b l e  n i t r o u s  ox ide  (and a d d i t i o n a l  w a t e r ) .
IV. I n i t i a t i o n  Of U n sa tu ra te d  F a t t y  Acid E s te r  O x ida t ion  By N itrogen  
D ioxide
A. D e te rm in a t io n  o f  I n i t i a t i o n  Rate by I n h i b i t o r  S tu d ie s
The r a t e  o f  i n i t i a t i o n  o f  n i t r o g e n  d io x id e  was determ ined a t  each 
g as -p h a se  c o n c e n t r a t io n  p r i o r  to  i t s  use as as i n i t i a t o r  o f  o x id a t io n .  
U n like  most i n i t i a t o r s  t h a t  a re  decomposed in  s o lu t io n  to  produce r a d i ­
c a l s ,  n i t r o g e n  d io x id e  i s  a l r e a d y  a r a d i c a l  as i t  e n t e r s  a s u b s t r a t e
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F ig u re  3 -6 .  The u n c o rre c te d  a rea s  o f  GC peaks o f  n i t r o g e n  d i o x i d e ,  n i ­
t r i c  and n i t r o u s  ox ides  p l o t t e d  as a fu n c t io n  o f  time d u r in g  
a r e a c t i o n  o f  n i t r o g e n  d io x id e  w i th  1 , 4 - c y c l o h e x a d i e n e  in  
th e  absence o f  oxygen.
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s o l u t i o n . 93 s in c e  we could  measure the  r a t e  o f  a b s o rp t io n  o f  n i t r o ­
gen d io x id e  by a s u b s t r a t e ,  we de term ined  the  r a t e  o f  i n i t i a t i o n  r e l a ­
t i v e  to  the the  r a t e  o f  a b s o rp t io n .  To do t h i s  we used the  s tan d a rd  
in d u c t io n  p e r io d  m e t h o d 9 4  w ith  each o f  fou r pheno lic  i n h i b i t o r s ,  
d , 1- a l p h a - to c o p h e ro l  (v i tam in  E ) ,  1 -n a p h th o l ,  h y d roqu inone , and 2 , 4 , 6 -  
t r im e th y lp h e n o l . In  g e n e r a l ,  phenols  have s to ic h io m e t r i c  f a c to r s  o f  2 
based  on t h e i r  r e a c t i o n  mechanisms w ith  f r e e  r a d i c a l s  (E q s . 3 -6 ,  &
3 - 7 ) .9 5  From t h i s  s to ic h io m e try  i t  was expected  t h a t  each mole of
ROO. (NOg) + Ph-OH -----> ROOH (HONO) + Ph-0. (3 -6 )
ROC- (NOg) + Ph-0 . -----> n o n ra d ic a l  p ro d u c ts  (3 -7 )
added i n h i b i t o r  would r e a c t  w ith  2 moles o f  n i t r o g e n  d io x id e  or 2 moles 
o f  peroxy l r a d i c a l  from o x id a t iv e  cha in s  s t a r t e d  by n i t r o g e n  d io x id e .
a .  R eac tio n  o f  1 -n ap h th o l w ith  n i t r o g e n  d io x id e .  N itro g en  d io x id e  
r e a c t s  w ith  phenols  by the  same mechanism as peroxy l r a d i c a l s  (Eq. 3 -6 ,
3 - 7 ) .9 6  D ir e c t  t i t r a t i o n  o f  i n h i b i t o r  by n i t r o g e n  d io x id e  would 
s h o r te n  the in d u c t io n  p e r io d  w ith o u t i n i t i a t i n g  o x id a t io n  and y ie ld in g  
th e  expec ted  e q u iv a le n t  o f  a lk e n e -o x id a t io n  p ro d u c ts .  S ince we in te n d e d  
to  fo l lo w  the course  o f  the  r e a c t io n  by the  fo rm ation  o f  o x id a t io n  p ro ­
d u c t s ,  t h i s  would g ive  m is le a d in g  r e s u l t s  conce rn ing  the  number of r e a c ­
t i o n  ch a in s  i n i t i a t e d  by n i t r o g e n  d io x id e .  We t h e r e f o r e  de term ined  the  
r e a c t i v i t y  of n i t r o g e n  d io x id e  w ith  a phenol in  h ex ad e can e ; th e  p roce­
du re  fo r  exposure o f  the  f a t t y  ac id  e s t e r s  was u s e d . 68
To do t h i s ,  we p l o t t e d  the  number o f  moles o f  1 -n ap h th o l rem ain ing  
in  hexadecane over a 7 hour p e r io d  o f  exposure to  NO2  ( F ig .  3 - 7 ) .
The r a t e  o f  r e a c t i o n ,  de te rm ined  from the  s lope  o f  the  r e s u l t i n g  l i n e  
(1 .8 9  nanom oles/m in) was too slow to cause d e t e c ta b le  a b s o rp t io n  of











F ig u re  3 -7 .  The moles o f  1 -n ap h th o l  in  1 .0  mL o f  hexadecane p l o t t e d  as a 
f u n c t io n  o f  t im e . The s o lu t i o n  was co n ta in ed  in  a f r i t t e d -  
d i s k  b u b b le r  a t  30°C and exposed to  10 ppm n i t r o g e n  d i o x i d e  
in  a i r .  The d e l i v e r y  r a t e  o f  n i t r o g e n  d io x id e  was 76 n a n o ­
m oles /m in .
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n i t r o g e n  d io x id e  (<5%) by the  4 .3 4  mM naph tho l-hexadecane  s o lu t i o n .  
Assuming a s to ic h io m e t ry  o f  1:1 fo r  the i n i t i a l  r e a c t i o n  o f  1 -naph tho l 
w ith  n i t r o g e n  d io x id e  (Eq. 3 - 6 ) ,  the  r a t e  o f  a b s o rp t io n  and r e a c t io n  of 
n i t r o g e n  d io x id e  was 2.5% o f  i t s  d e l iv e r y  r a t e ,  76 nanomoles/min a t  10 
ppm. S ince the  u n s a tu r a te d  f a t t y  ac id  e s t e r s  absorb 10 (m ethyl o le a te )  
t o  30 (m ethyl l i n o l e a t e )  t im es  t h i s  amount o f  d e l iv e r e d  n i t r o g e n  d iox ide  
(Tab. 3 - 1 ) ,  the r e a c t io n  o f  n i t r o g e n  d io x id e  w ith  i n h i b i t o r  in  com peti­
t i o n  w ith  an e s t e r  such as methyl l i n o l e a t e  i s  i n s i g n i f i c a n t .
b .  I n h i b i t e d  a u t o x id a t i o n  r e a c t i o n s .  R e s u l t s  o f  th re e  to c o p h e ro l-  
i n h i b i t e d  o x id a t io n  r e a c t i o n s  o f  m ethyl l i n o l e a t e  a re  shown in  F igure
3 -8 .  While to c o p h e ro l  i s  p r e s e n t ,  fo rm ation  o f  p e ro x id ic  p roduc ts  is  
m in im ized , bu t i t  i s  no t t o t a l l y  s topped .  This p e r io d  o f  minimum re a c ­
t i o n  r a t e  i s  the  in d u c t io n  phase o f  r e a c t i o n ,  and i t s  le n g th  i s  a l i n e a r  
f u n c t io n  o f  the  amount o f  i n h i b i t o r  i n i t i a l l y  p re s e n t  in  the  r e a c t io n  
m ix tu re  (F ig .  3 - 9 ) .  (Note t h a t  a t  10 ppm n i t r o g e n  d io x id e ,  m ethyl l i n o ­
l e a t e  shows a b r i e f  in d u c t io n  phase p r i o r  to  maximum o x id a t io n  r a t e  even 
i n  the  absence o f  i n h i b i t o r  (dashed l i n e .  F ig .  3 - 8 ) . )
More e x te n s iv e  d a ta  from the  i n h i b i t e d  o x id a t io n  s tu d ie s  are  l i s t e d  
i n  T ab les  3-5 and 3 -6 .  B es ides  l i s t i n g  moles o f  i n h i b i t o r  and in d u c t io n  
phase ( IP )  l e n g th s ,  the  t a b l e s  l i s t  o x id a t io n  r a t e s ,  the  r a t i o s  o f  the 
moles o f  n i t r o g e n  d io x id e  r a d i c a l s  absorbed to  i n h i b i t o r  r a d i c a l s  r e a c ­
t i n g  in  th e  in d u c t io n  phase (N O ^ /ln h .) ,  and KCL v a lu e s  d u ring  the 
in d u c t io n  phase . The KCL v a l u e s ,  o x id a t io n  r a t e / i n i t i a t i o n  r a t e , 89 
c o n s i s t e n t l y  equa l  3 to  4 .  At the  same n i t r o g e n  d io x id e  c o n c e n t r a t io n  
i n  the  absence o f  i n h i b i t o r  (10 .3  ppm. Tab. 3 -7 )  m ethyl l i n o l e a t e  has a 
KCL o f  23-29 .
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0 2 3 4 5 6
Time (h )
F ig u re  3 -8 .  The c o n c e n t r a t io n  o f  t o t a l  p e r o x i d e s  in  I .O  mL o f  m e th y l  
l i n o l e a t e  c o n t a in in g  v a r i o u s  am ounts  o f  a l p h a - t o c o p h e r o l  
p l o t t e d  as a fu n c t io n  o f  t im e .  The r e a c t i o n  was ru n  in  a 
f r i t t e d - d i s k  b u bb le r  a t  30°C and a t  10 ppm n i t r o g e n  d i o x i d e  
in  a i r .
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250
□  - 2,4,6-Trimethylphenol 
A  - Hydroquinone 





Moles of Inhibitor (xIO^)
F ig u re  3 -9 .  The in d u c t io n  phase le n g th s  o f  in h i b i t e d  o x id a t io n  r e a c t io n s  
o f  methyl l i n o l e a t e  p l o t t e d  as a f u n c t i o n  o f  th e  i n i t i a l  
moles of i n h i b i t o r .  The r e a c t io n s  were ru n  w i th  1 .0  mL o f  
s o lu t i o n  in  a f r i t t e d - d i s k  b u b b l e r  a t  30°C and a t  10 ppm
2̂NOo in  a i r .
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Table 3 - 5 .  Vitamin E I n h ib i te d  A u to x id a t io n  Of Methyl L in o le a te
(1 8 :2 )  I n i t i a t e d  By 10 ppm N itrogen  D io x id e  In A ir At
3 0 .0 ° C .*



















0 . 0 24 2 .3 1 0
2.82 130-38 0.27 2.4 2 .3 3 .2 8
2.82 126 0.27 2.3 2 .3 3 .2 6
2.82 132-38 0.24 2.4 2 . 2 2 . 8 lOA
4 .23 183-90 0.24 2 . 2 1 .9 -2 .3 2 . 8 1 1
5 .64 243 0.24 2 . 2 2 . 1 2 . 8 7
5 .64 228-43 0.27 2 . 1 2 . 0 3 .2 9
*The I n i t i a t i o n  Rate = 5.1  _+ 0 .2  x 1 0 ~ 8  moles n i t .  d iox./m L-m in 
o r  8 .5  + 0 .3  X 10"? M/s; i t  i s  th e  p roduct o f  the  n i t r o g e n  d io x -  
i d e - d e l i v e r y  r a t e  and the  a b s o rp t io n  e f f i c i e n c y  o f  1 8 :2 .  O xidation  
r a t e s  were de te rm ined  from the  s lo p es  o f  T o ta l  P e ro x id e  v s . tim e 
p l o t s .
TThe In d u c t io n  Phase ( IP )  i s  the  r e a c t i o n  p e r io d  in  which excess  in ­
h i b i t o r  i s  p r e s e n t  and the  r e a c t i o n  r a t e  i s  the s lo w e s t ;  th e  range 
o f  each v a lu e  i s  + 3 min u n le ss  in d i c a te d .
§The v a lu e s  r e p r e s e n t  the  r a t i o :  ( t o t a l  moles NO2  absorbed  dur­
ing the I P ) / ( t o t a l  moles i n h i b i t o r  i n i t i a l l y  p r e s e n t ) .
KKCL d u r in g  the  IP ,  (O xid . R a t e ( I P ) ) /(NO2 - I n i t i a t i o n  R a te ) .
**Run number i s  d e f in ed  by the  page number o f  experim ent in  notebook 
I I I .
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Table 3 - 6 .  Data From I n h ib i t e d  O xidation  Of Methyl L in o le a te  (1 8 :2 )
I n i t i a t e d  By 10 ppm N itrogen  D iox id e  In A ir At 3 0 .0 °C .*
I n h i b i t o r
I n i t i a l
Moles





O xida tion  
Rate ( l P ) t
(M/s X 10^)
NOg§





None 0 .0 24 “ — ----- 10
1-N aphthol 1.45 75-85 0.31 2 .8 3.6 17
2 .89 145-60 0.31 2.7 3 .6 16
4 .3 4 225 0 .29 2.6 3 .4 19
Hydroquinone 1 .40 96 0 .29 3 .5 3.4 22
2 .79 162 0 .29 3 .0 3 .4 21
2 , 4 , 6 - T r i ­ 1.45 84 0.31 3 .0 3 .6 25
m ethy lphenol 2 .90 156+5 0.31 2.7 3 .6 24
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Table 3 - 7 .  A u to x id a t io n  Data For Methyl L in o le a te  (1 8 :2 )  And Methyl
L in o le n a te  (1 8 :3 )  Exposed To N itrogen  D iox id e  In Air At
30 .0°C  In F r i t t e d  D isk  B u b b lers .*
PUFA
E s te r
[NOg]
(ppm)t












KCL** Run N o . t t
18:3 0 . 0 0 0 . 0 0.27 0.15 46
10 .4 0 .93 4 .65 2 . 0 2 49 31
2 1 . 6 1.94 5.95 2.67 31 33
23 .5 2.09 6.31 3.00 30 41
4 5 .5 4 .07 8 .52 4.07 2 1 43
4 5 .8 4 .09 8.65 4 .15 2 1 42
4 7 .6 4.25 6.87 3.26 16 34
6 9 .2 6 .19 9.54 4 .42 15 35
73 .3 6.55 1 0 . 6 4 .74 16 44
18:2 0 . 0 0 . 0 0 . 2 1 143
0 .28 0.023 0.46 ------ 204 I I I - 5
0 .56 0.058 0 .74 ------ 128 152A
0 .56 0.053 0.73 ------ 138 152B
1 .4 0 . 1 2 1.05 ------ 8 6 151A
1 .4 0 . 1 2 0 .92 ------ 75 151B
1 .4 0 . 1 2 0.93 — 78 . 151C
2 .4 0 . 2 2 1.33 — — 59 149
2 . 6 0 . 2 2 1.33 1 . 0 1 60 147
5 .2 0.50 2.08 1.39 42 146
10.3 0 .90 2.65 1.83 29 144
10.3 0 .90 2.04 1.56 23 67
23 .9 2.09 2.96 2.27 14 6 6 B
4 7 .6 4 .15 3.72 3.01 9 6 6 A
71.5 6 .24 4.61 3.3 7 65
*Runs 33 th rough  67 were fo llow ed  to  10% co n v e rs io n  o f  e s t e r ;  runs  
143 th ro u g h  I I I - 5  were fo llow ed  to  5% c o n v e rs io n .  
t P a r t s  pe r  m i l l i o n  i s  d e f in e d  as micrograms o f  NO2  p e r  gram of 
a i r .
§The i n i t i a t i o n  r a t e  e q u a ls  the  p roduct o f  the  N O ^-delivery  r a t e  
and the  a b s o rp t io n  e f f i c i e n c y  o f  the  e s t e r s .  
iThe o x id a t io n  r a t e  i s  d e f in e d  by the  r a t e  o f  fo rm ation  o f  e i t h e r  
th e  T o ta l  P e ro x id ic  p ro d u c ts  or th o se  p ro d u c ts  c o n ta in in g  the 
C onjugated  Diene chromophore, Abs. @ 233 nm.
**KCL = (Oxid. R a t e - T P ) / ( i n i t i a t i o n  r a t e ) .
t tR u n  number i s  d e f in e d  by the  page and experim ent number o f  notebook 
I I  e x c e p t  fo r  I I I - 5 .
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The v a lu e s  of the  m olar r a t i o  o f  absorbed r a d i c a l s  to i n h i b i t o r  
(N0 2 / I n h . )  in  T ab les  3-5 and 3-6 a l l  average g r e a t e r  than  2 when 
c a l c u l a t e d  from d a ta  o f  in d iv id u a l  ru n s .  ( I f  a l l  absorbed n i t r o g e n  d i ­
ox ide  r e a c t s  to  i n i t i a t e  r e a c t io n  ch a in s  t h a t  a re  u l t i m a t e l y  te rm in a ted  
by i n h i b i t o r ,  t h i s  m olar r a t i o  should  equa l 2 , the v a lu e  o f  the  s t o i c h i ­
o m e tr ic  f a c t o r s  o f  the  p h e n o l s . )  When th e y  are  determ ined  g r a p h ic a l l y  
( F ig .  3 - 9 ) ,  the r a t i o  v a lu e s  a re  lower (Tab. 3 -8 )  because  a c o r r e c t i o n  
has been made fo r  the  e r r o r  in t ro d u c e d  by the  24 m inute  IP le n g th  ob­
served  in  the  absence o f  i n h i b i t o r  (F ig .  3 - 8 ) .  The molar r a t i o  fo r  
to c o p h e ro l  (c o n s id e re d  one o f  the  most e f f i c i e n t  p h en o lic  i n h i b i t o r s ) 9 7  
now eq u a ls  e x a c t ly  2 . 0 , and the  o th e r  i n h i b i t o r s  have v a lu e s  rang ing  
from 2 .3  to  2 .5 .  These v a lu e s  show th a t  a u to x id a t io n  cha in s  a re  i n i t i a ­
t e d  a t  the  same r a t e  t h a t  n i t r o g e n  d io x id e  e n t e r s  s o lu t i o n  i n d i c a t i n g  
t h a t  each n i t r o g e n  d io x id e  absorbed i n i t i a t e s  one c h a in .
B. A u to x id a t io n  Of U n sa tu ra te d  F a t t y  Acid E s te r s
The k i n e t i c s  of n i t r o g e n  d i o x i d e - i n i t i a t e d  a u to x id a t io n  o f  th re e  
u n s a tu r a te d  f a t t y  ac id  e s t e r s ,  m e thy l o le a t e  ( 1 8 :1 ) ,  m ethyl l i n o l e a t e  
( 1 8 :2 ) ,  and methyl l i n o l e n a t e  ( 1 8 :3 ) ,  have been s tu d ie d  under c o n d i t io n s  
s i m i l a r  to  th o se  used in the  cyclohexene s tu d y .  At a c a r r i e r - g a s  flow 
o f  300 mL/min th rough  the  n ea t  e s t e r s  in  th e  b u b b le r  a p p a ra tu s  used fo r  
cy c lo h ex en e ,  s u f f i c i e n t  mixing and oxygen s a t u r a t i o n  occur so both  a i r  
and pure oxygen g iv e  the  same o x id a t io n  r a t e s . 98 The o x id a t io n  
r a t e s  o f  the  e s t e r s  were measured as fu n c t io n s  o f  the  i n i t i a t i o n  (ab­
s o r p t io n )  r a t e s  o f  n i t r o g e n  d io x id e .  F ig u re  3-10 shows a ty p i c a l  run 
f o r  18:2 in  which the  c o n c e n t r a t io n  o f  t o t a l  p e rox ide  i s  p lo t t e d  as a 
f u n c t io n  o f  t im e .  The IP  le n g th  observed a t  t h i s  n i t r o g e n  d io x id e  con­
c e n t r a t i o n  (0 .5 6  ppm) i s  lo n g e r  than  the  IP  le n g th  observed a t  10 ppm.
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Table 3 -8 .  V alues Of G ra p h ic a l ly  Determined




" n " t
(Moles R a d ic a ls )  
(Moles I n h i b i t o r )
(S lope X R^)
Tocopherol 3 .8 2 . 0
1-Naphthol 4 .6 2 .4
Hydroquinone 4 .9 2.5
2 , 4 , 6 - T r i -  
m ethy lphenol
4.5 2.3
*S lopes  ( c a l c u l a t e d  by the  method o f  l e a s t  
sq u a re s )  o f  l i n e s  shown in  F ig u re  3 - 9 ) .  
t l h e  s to ic h io m e t r i c  f a c t o r s ,  " n " ,  fo r  th e se  in ­
h i b i t o r s  c a l c u l a t e d  from ex p er im en ta l  r e s u l t s :  
( s lo p e s  of p l o t :  IP le n g th  v e rs u s  moles o f  in ­
h i b i t o r )  X ( r a t e  o f  i n i t i a t i o n  by n i t r o g e n  d i ­
ox ide )  . I n i t i a t i o n  r a t e  = 5.1 0 .2  x 1 0 ” 8
moles N0 2 /mL-min ( in  1 mL o f  s u b s t r a t e )  or 8 .5  
+ 0 .3  X 10-7 M/s.








3 0 0 4 0 0
F ig u re  3 -10 . The c o n c e n t r a t io n  o f  T o ta l  P e r o x i d e s  in  1 .0  mL o f  m e th y l  
l i n o l e a t e  p l o t t e d  as a fu n c t io n  o f  t im e .  The r e a c t i o n  was 
r u n  in  a f r i t t e d - d i s k  b u b b l e r  a t  30°C and a t  0 . 5 6  ppm 
NO2  in  a i r .
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th e  n i t ro g e n  d io x id e  c o n c e n t r a t i o n  used in  the  i n h i b i t e d  o x id a t io n  ex­
p e r im e n ts .  At n i t r o g e n  d io x id e  c o n c e n t r a t io n s  above 10 ppm, an IP i s  
n o t  observed fo r  any o f  the  e s t e r s ;  th e  r a t e  o f  i n i t i a t i o n  i s  s u f f i ­
c i e n t l y  f a s t  t h a t  o n ly  a c o n s ta n t ,  maximum o x id a t io n  r a t e  i s  o bse rved .
Maximum o x id a t io n  r a t e s  were de te rm ined  fo r  the  th r e e  u n s a tu ra te d  
f a t t y  ac id  e s t e r s  a t  d i f f e r e n t  i n i t i a t i o n  r a t e s ,  and the r e s u l t s  l i s t e d  
i n  T ab les  3-7 and 3 -9 .  For methyl l i n o l e a t e  and l i n o l e n a t e  (Tab. 3 - 7 ) ,  
o x id a t io n  r a t e s  a re  l i s t e d  in  term s o f  bo th  t o t a l  p e ro x id e  fo rm ation  and 
c o n ju g a te d  d ien e  fo rm ation  s in c e  th e se  compounds r e a c t  m a in ly  by ab­
s t r a c t i o n  o f  t h e i r  doubly  a l l y l i c  hydrogens to  form co n ju g a ted  d iene  
h y d ro p e ro x id e  (CDHP, F ig .  3 - 1 1 ) .  S ince  we found th a t  th e  r a t e s  o f  f o r ­
m a tio n  o f  t o t a l  p e ro x id e s  ( a l l  i o d i n e - r e d u c i b le  m a t e r i a l s .  F ig .  2 -6 )  
from l i n o l e a t e  and l i n o l e n a t e  equa l t h e i r  r e s p e c t i v e  r a t e s  o f  s u b s t r a t e  
c o n v e r s io n ,  t h e i r  r a t e s  o f  co n v e rs io n  a re  no t l i s t e d .  For the  same 
r e a s o n ,  t h e i r  KCL's were c a l c u l a t e d  on the  b a s i s  o f  t h e i r  t o t a l  p e ro x id e  
r a t e s  r a t h e r  than  t h e i r  s u b s t r a t e  co n v e rs io n  r a t e s .  For m ethyl o l e a t e ,  
th e  KCL's were c a l c u l a t e d  from the r a t e s  o f  s u b s t r a t e  co n v ers io n  s in c e  
th e  r a t e s  o f  p e ro x id e  fo rm atio n  were c o n s i s t e n t l y  slow er (Tab. 3 - 9 ) .
C. D e te rm in a t io n  Of The I n i t i a t i o n  Mechanism By N itro g en  In c o r p o r a t io n
The im portance o f  hydrogen a b s t r a c t i o n  as the  mechanism by which 
n i t r o g e n  d io x id e  i n i t i a t e s  a u to x id a t io n  o f  u n s a tu r a te d  f a t t y  ac id  e s t e r s  
was im plied  by much o f  the  p re v io u s  d a t a ,  e . g . , the  a b s o rp t io n  e f f i c i ­
ency  d a ta  (Tab. 3 - 1 ) .  From th e se  d a ta  we a l s o  observed  t h a t  the  a d d i ­
t i o n  o f  d o u b l y - a l l y l i c  hydrogens (v i a  m ethyl l i n o l e a t e )  t o  a s o lu t i o n  of 
m ethy l o l e a t e  caused a 2 -  to  3 - f o ld  in c re a s e  in  a b s o rp t io n  e f f i c i e n c y  
( F ig .  3 - 1 ) .  A n a ly s is  o f  p ro d u c ts  from the  cyclohexene r e a c t io n s  (T abs . 
3 -2 ,  & 3 -3 ) f u r t h e r  in d i c a te d  t h a t  hydrogen a b s t r a c t i o n  becomes the
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Table 3 -9 .  A u to x id a t io n  D ata For Methyl O lea te  (1 8 :1 )  Exposed To 
N itro g en  D ioxide In  Air At 30.0*0 In F r i t t e d  Disk 
B u b b le rs .
[NOg]
(ppm)*













0 0 0 0 — 64
21 .3 0.682 0.767 1.31 1.92 67B-1
50 .2 1.61 0.943 1.66 1.03 72
50 .2 1.61 0.955 1.97 1.22 67B-2
71.2 2.28 1.21 --------- ----- 64
* P a r t s  per m i l l i o n  i s  d e f in e d  as micrograms N0 2 /g  o f  a i r .
TThe r a t e  o f  i n i t i a t i o n  i s  the  p roduc t o f  the N 02~delivery  r a t e  
and the  a b s o rp t io n  e f f i c i e n c y  o f  18 :1 .
§The o x id a t io n  r a t e  i s  d e f in ed  by e i t h e r  the  r a t e  o f  form ation  of 
T o ta l  P e ro x id ic  p ro d u c ts  o r  the  r a t e  o f  r e a c t io n  o f  18:1 .
HKCL = (Oxid. R a t e - T P ) / ( i n i t i a t i o n  r a t e ) .
**Run number i s  d e f in e d  by page and experim ent number in notebook I I .
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F ig u re  3 -11 . A g e n e ra l  r e a c t io n  scheme fo r  i n i t i a t i o n  o f  o x i d a t i o n  o f  a 
model p o ly u n s a tu ra te d  f a t t y  a c id  by n i t r o g e n  d i o x i d e .  The 
two i n i t i a t i o n  mechanisms shown a re  a d d i t i o n  t o  a c a r b o n -  
ca rbon  double  bond and a b s t r a c t i o n  o f  a d o u b l y - a l l y l i c  h y ­
d rogen .
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predominant r e a c t i o n  mechanism fo r  t h i s  mono-alkene a t  low, g as -p h ase  
n i t r o g e n  d io x id e  c o n c e n t r a t i o n s .  A su rvey  o f  o th e r  a lkenes  by w ater  
a n a l y s i s  (Tab. 3 -4 )  showed th a t  a t  0.5-1% n i t r o g e n  d io x id e  in  n i t r o g e n  
b o th  l i n o l e a t e  and l i n o l e n a t e  r e a c te d  more by hydrogen a b s t r a c t i o n  than 
d id  cyc lohexene ,  w hile  methyl o le a t e  d id  so to  a l e s s e r  d eg ree .  In  
o rd e r  to  more e x p l i c i t l y  probe the  i n i t i a t i o n  mechanisms of the  th r e e  
f a t t y  a c id  e s t e r s  a t  ppm l e v e l s  o f  n i t r o g e n  d io x id e  in  a i r ,  we analyzed  
samples o f  n i t r o g e n  d io x id e -ex p o sed  e s t e r s  fo r  carbon-bound n i t ro g e n  
r e s u l t i n g  from i n i t i a t i o n  by a d d i t io n .
By use of a s im p l i f i e d  model o f  m ethyl l i n o l e a t e  (F ig .  3 - 1 1 ) ,  one 
can see t h a t  i n i t i a t i o n  by a d d i t io n  u l t i m a t e l y  forms a 2 - n i t r o - h y d r o p e r -  
o x id e .  Since hydrogen a b s t r a c t i o n  y i e ld s  no i n i t i a t i o n  p roduc t c o n ta in ­
ing  n i t r o g e n ,  n i t r o g e n  in c o rp o ra t io n  s p e c i f i c a l l y  m easures i n i t i a t i o n  by 
a d d i t i o n .  I f  n i t r o g e n  d io x id e  p a r t i c i p a t e s  in  s i g n i f i c a n t  amounts o f  
t e rm in a t io n  r e a c t io n s  th a t  form c a rb o n -n i t r o g e n  bonds (which we observed  
a t  h igh  n i t r o g e n  d io x id e  c o n c e n t r a t io n s  in  the  absence o f  oxygen (Tab.
3 - 2 ) ) ,  the  r e s u l t s  o f  th e se  experim en ts  would be m is le a d in g .  However, 
fo r  cyclohexene in  the  p resence  o f  oxygen, t e rm in a t io n  by c a r b o n - n i t r o ­
gen bond fo rm ation  i s  minor (12-15%, Tab. 3 -3 )  a t  h ig h  n i t r o g e n  d io x id e  
c o n c e n t r a t i o n s  and i s  no t observed  a t  low n i t r o g e n  d io x id e  c o n c e n t ra ­
t i o n s .  We expec t  t h a t  c a rb o n -n i t ro g e n  bond fo rm ation  i s  sm all fo r  the  
u n s a tu r a t e d  f a t t y  a c id  e s t e r s  a l s o .
T ab le  3-10 l i s t s  our r e s u l t s  fo r  the  n i t r o g e n  in c o rp o r a t io n  d a t a .  
The maximum p o s s ib le  w eight p e rc e n t  o f  n i t r o g e n  absorbed  i s  c a l c u l a t e d  
from the  known mass o f  n i t r o g e n  d io x id e  absorbed by the  s u b s t r a t e .  F o l­
lowing c a t a l y t i c  h y d ro g en a t io n  o f  the  r e a c t i o n  m ix tu re  in  a c id ic  e th a n o l  
s o lu t i o n  and e x t r a c t i o n  o f  the  o rg an ic  p ro d u c ts  from an aqueous workup.
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T able  3 -10 . The P e rc e n t  Of N itro g en  D iox ide  Adding To U n sa tu ra te d  
F a t t y  Acid E s t e r s  As D eterm ined By N itrogen  In c o rp o ra ­
t i o n .
Compound
[NOg]
in  A ir
Max* 
Wt% N
E x p er . 
Wt% Nt
P e rc e n t  Add. 
(Exper.%N) 
(Max %N) E x p e r . No.§
18:1 40 ppm 0.27 0.046 17 23, 28
I I 65 ppm 0.27 0.016 6 I I I - l
I I 0.8% 0.44 0.083 19 37, 38
I t 5% 0.78 0.23 30 VI-46
I I 30% 2.1 0.73 35 29, 30
18:2 40 ppm 0.18 0.050 28 47
I I 40% 1.67 0 .70 42 43-1
18:3 40 ppm 0.25 0.034 14 27, 34
I I 37% 1.55 0 .50 32 35, 36
*Maximum p e rc e n ta g e  o f  n i t r o g e n  in c o rp o ra te d  by a s u b s t r a t e ,  
t l h e  w eight p e r c e n t  o f  n i t r o g e n  de te rm ined  by G a lb ra i th  l a b s .  
§Experiment numbers a re  fo r  no tebook V I I ,  pages as shown, u n le ss  
o th e rw is e  d e s ig n a te d .
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any n i t r o g e n  p r e s e n t  in  the  form o f  d is s o lv e d  n i t r o u s  a c id ,  a lk y l  n i ­
t r i t e ,  or a lk y l  n i t r a t e  i s  removed from s o lu t i o n .  The o rgan ic  p roduc t 
m ix tu re  i s  then  analyzed  fo r  t o t a l  n i t ro g e n 6 5  which i s  l i s t e d  in  
T ab le  3-10 as th e  ex p e r im e n ta l  w eight p e rc e n ta g e .  A v a lu e  fo r  p e rc e n t  
a d d i t i o n  i s  then  c a l c u l a t e d  from the  r a t i o :  (e x p e r im e n ta l  w eight p e r ­
c e n t  n itrogen)/(m ax im um  w eight p e rc e n t  n i t r o g e n ) .
F ig u re  3-12 shows the p e rc e n t  a d d i t io n  p l o t t e d  as a fu n c t io n  o f  the 
g as -p h a se  n i t r o g e n  d io x id e  c o n c e n t r a t i o n ;  th e  cyclohexene d a ta  o b ta in ed  
i n  the  p re sen ce  o f  oxygen and c o r r e c t e d  fo r  the  in f lu e n c e  of a u to x id a ­
t i o n  p ro d u c ts  (F ig .  3 -3 ,  f i l l e d  p o in t s )  a re  a l s o  r e p re s e n te d  by a dashed 
l i n e .  At ppm l e v e l s  o f  n i t r o g e n  d io x id e ,  the  p e rc e n ts  o f  a d d i t io n  de­
te rm in ed  fo r  the  u n s a tu ra te d  f a t t y  a c id s  are  in  good agreement w ith  the 
r e s u l t s  p r e d ic te d  by the  cyclohexene d a t a .  However, a t  the  h ig h e r ,  p e r ­
c e n ta g e  l e v e l s ,  p a r t i c u l a r l y  a t  30-40% n i t r o g e n  d io x id e ,  the v a lu e s  de­
c r e a s e  to  about h a l f  th o se  expec ted  on the  b a s i s  o f  the  cyclohexene 
d a t a .  The ap p a re n t  d is c re p a n c y  r e s u l t s  from the  f a c t  t h a t  a t  n i t r o g e n  
d io x id e  c o n c e n t r a t i o n s  th a t  y i e ld  p redo m in an tly  a d d i t io n  p ro d u c ts  on ly  
h a l f  the  absorbed  n i t r o g e n  d io x id e  i n i t i a t e s  the  a d d i t io n  p rocess  w hile  
th e  rem ain ing  h a l f  te rm in a te s  a d d i t i o n .  Under th e se  c o n d i t io n s ,  on ly  
h a l f  th e  maximum absorbed n i t r o g e n  d io x id e  should  be used to c a l c u l a t e  
th e  p e rc e n t  i n i t i a t i o n  by a d d i t i o n .  R e c a lc u la t in g  the  ex p er im en ta l  
v a lu e s  a t  30-40% n i t r o g e n  d io x id e  in  t h i s  way, th e  p e rc e n ta g e s  o f  ad d i­
t i o n  a re  double  t h e i r  i n i t i a l  v a l u e s .  (The r e s u l t s  fo r  18:1 a t  0 .8  and 
5 p e rc e n t  n i t r o g e n  d io x id e  a l s o  need c o r r e c t i o n ,  bu t  hydrogen a b s t r a c ­
t i o n  i s  no lo n g e r  n e g l i g i b l e  a t  th e s e  n i t r o g e n  d io x id e  l e v e l s  and the 
c o r r e c t i o n  i s  n o t  s im p le . )  Thus, a t  th e  extrem e v a lu e s  o f  n i t r o g e n  
d io x id e  c o n c e n t r a t i o n ,  the  d a ta  i n d i c a t e  t h a t  a d d i t io n  and hydrogen




I8 ' l  -O











>3 ,4 ,5 610
ppm (NOg + NgO*)
F ig u re  3-12. The p e rc e n ta g e  o f  i n i t i a t i o n  by a d d i t io n  o c c u r r in g  in  r e a c ­
t i o n s  o f  the  th r e e  u n s a tu ra te d  f a t t y  a c id  e s t e r s ,  methyl 
o l e a t e  ( 1 8 :1 ) ,  methyl l i n o l e a t e  (1 8 :2 ) ,  and methyl l i n o ­
l e n a t e  ( 1 8 :3 ) ,  p l o t t e d  as  a fu n c t io n  o f  th e  n i t r o g e n  ox ide  
c o n c e n t r a t i o n  in  a i r .  The p e rc e n ta g e s  o f  a d d i t io n  were 
de term ined  on th e  b a s i s  o f  n i t r o g e n  in c o rp o ra te d  in to  each 
e s t e r  by th e  a d d i t io n  s t e p  ( se e  Appendix, Table A -2). The 
r e a c t i o n s  were run  in  f r i t t e d —d is k  b u b b le rs  a t  30*C.
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a b s t r a c t i o n  o p e ra te  in  the  same p ro p o r t io n  fo r  both  the  u n s a tu ra te d  
f a t t y  ac id  e s t e r s  and cyclohexene.
V. Formation Of N itro sam in es  During A u to x id a t io n  Of U n sa tu ra te d  F a t ty  
Acid E s te r s
B esides i n i t i a t i o n  o f  a u to x id a t iv e  damage, ano the r  b i o l o g i c a l l y  im­
p o r ta n t  consequence o f  hydrogen a b s t r a c t i o n  by n i t ro g e n  d io x id e  i s  the  
p o t e n t i a l  p ro d u c t io n  of n i t r o u s  a c id  w ith in  the  hydrophobic reg io n s  of 
c e l l  membranes. I t  has p re v io u s ly  been thought th a t  n i t r o s a t i o n  of 
amines by n i t r o u s  ac id  re q u i re d  p r o t i c  m e d ia ,99 b u t  M irv ish ,  e t  a l . , 
have shown th a t  n i t r o s a t i o n  can occur in  a p r o t i c  media as w e l l . 100 
N i t r i c  oxides  have a lso  been shown to  n i t r o s a t e  amines both  in  v iv o  and 
in  v i t r o  in  p r o t i c  media.79,101
With a v e ry  sim ple pulmonary model, I  have a t tem pted  to de term ine  
i f  n i t r o s a t i o n  o ccu rs  under the a p r o t i c  c o n d i t io n s  of my a u to x id a t io n  
r e a c t i o n s  and i f  the  n i t r o s a t i o n  i s  caused by n i t ro g e n  d io x id e  or by the 
n i t r o u s  ac id  g e n e ra te d  by the  r e a c t io n  o f  n i t r o g e n  d io x id e  w ith u n sa tu ­
r a t e d  f a t t y  a c id  e s t e r s .  M il l im o la r  d icyc lohexy lam ine  was added to  nea t  
methyl o le a te  and m ethyl l i n o l e a t e  and exposed to  60 ppm n i t ro g e n  d io x ­
id e  in  a i r ;  a m i l l im o la r  s o lu t i o n  o f  amine in  hexadecane was used as a 
c o n t r o l  exp er im en t .  A n a ly s is  fo r  n itrosam inelO Z  shows th a t  the  r a t e  
o f  n i t r o s a t i o n  o f  amine i s  more than  doubled in  the  f a t t y  ac id  e s t e r  
s o lu t i o n s  (Tab. 3 - 1 1 ) ,  i n d i c a t i n g  th a t  n i t r o u s  ac id  formed by the  n i t r o ­
gen d io x id e - u n s a tu r a te d  e s t e r  r e a c t io n s  i s  p a r t i c i p a t i n g  in  the  n i t r o s a ­
t i o n  o f  the amine.
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Table 3 -11 . E xperim en ta l C o n d it io n s  And R e s u l t s  Of The R eac tion  Of 
N itro g en  D ioxide (60 ppm in  A ir)  With S o lu t io n s  Of 
S u b s t r a te  And D icyclohexylam ine At 30“C.
T o ta l T o ta l I n i t i a l
Sub. Sub. Moles Grams g Amine Run ng RNNOt
V ol. Mass Amine Amine g Sample Time g s p l . (ng/g)H
S u b s t r a te  (mL) (g) xlO^ xlO^ X lo"* (h) h mL-h
Hexadecane 3 .0 2.3 4 .38 7.94 3.5 14 9.9 3 .3
Methyl O lea te 1 .2 1.1 1.75 3.18 2.9 6 8 .2 6 .8
M e-L inoleate 1 .2 1.1 1.75 3.18 2.9 3 8 .3 6 .9
tThe v a lu e s  fo r  ng o f  n i t r o s a m in e /g  o f  sample a re  averages  (jf 10%) o f  
p a i r s  o f  v a l u e s . 10%
HThe v a lu e  o f  (ng n i t r o s a m in e /g  sample)/(mL s u b s t r a t e - h )  i s  
e s s e n t i a l l y  a r a t e  o f  r e a c t i o n .
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4 . DISCUSSION
N itro g en  d io x id e  r e a c t s  w ith  bo th  a lk a n e s  and a lk en es  a t  25°C by 
w e l l  d e f in e d  f r e e - r a d i c a l  m e c h a n i s m s , 13-20 and i t  i s  u s u a l ly  assumed 
t h a t  n i t r o g e n  d io x id e  i n i t i a t e s  l i p i d  a u to x id a t io n  by f r e e - r a d i c a l  a d d i ­
t i o n  to the  double bonds o f  the  u n s a tu r a te d  f a t t y  a c id s  (Eq. 4 - 1 ) .4 2
NOg +  -C=C-  > OgN-Ç-Ç" ( 4 - 1 )
( I )
However, the  s tu d ie s  by o rg an ic  chem is ts  t h a t  dem onstra te  the a d d i t io n  
o f  n i t r o g e n  d io x id e  to  a lk e n e s  g e n e r a l ly  were conducted a t  low 
te m p e ra tu re s  and a t  h igh  c o n c e n t r a t io n s  of n i t r o g e n  d io x id e ;  r e l a t i v e l y  
l i t t l e  i s  known about the  mechanism of r e a c t i o n  o f  n i t r o g e n  d io x id e  w ith  
a lk e n e s  under en v iro n m e n ta l ly  r e a l i s t i c  c o n d i t i o n s ,  am bient tem p era tu re  
and ppm l e v e l s .  For t h i s  re a s o n ,  I  have re-exam ined the r e a c t io n  
mechanism of the  i n i t i a t i o n  o f  a u to x id a t io n  o f  u n s a tu ra te d  f a t t y  a c id  by 
n i t r o g e n  d io x id e .  The da ta  r e s u l t i n g  from my p roduct s tu d ie s  sugges t 
t h a t  the  mechanism by which n i t ro g e n  d io x id e  r e a c t s  w ith  a lk en es  changes 
from a d d i t i o n  a t  h igh  n i t ro g e n  d io x id e  c o n c e n t r a t io n s  to hydrogen ab­
s t r a c t i o n  a t  low n i t r o g e n  d io x id e  c o n c e n t r a t i o n s .
I .  The N itro g e n  D iox ide-A lkene R eac t io n  Mechanism
Most n i t r o g e n  d io x id e -a lk e n e  r e a c t io n s  have been s tu d ie d  in  s o lu ­
t i o n  a t  te m p e ra tu re s  nea r  0 ° C . 1 3 , 1 4  Under th e s e  c o n d i t i o n s ,  n i t r o g e n  
d io x id e  r e a c t s  w ith  a lk e n e s  by r e v e r s i b l e  a d d i t i o n l 0 3 , 1 0 4  to  a double 
bond to form a c a rb o n -c e n te re d  r a d i c a l ,  ( I )  (Eq. 4 - 1 ) .  N itrogen  d io x id e  
i s  a l s o  in  e q u i l ib r iu m  w ith  i t s  dimer (Eq. 4 - 2 )  w ith  an e q u i l ib r iu m  con-
83
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 > 2 NOg: Kg = [NOgl^/tNgO^] (4 -2 )
s t a n t ,  Kgq, equal to  about 1 0 “ ^  m o l e s / l i t e r . 1 0 5  Since d i s s o c i a t i o n  and 
re co m b in a t io n  a re  bo th  rapidlOG compared to the r e a c t io n  o f  n i t ro g e n  
d io x id e  w ith  a l k e n e s , 1 4 , 1 0 7  th e  e q u i l ib r iu m  i s  m a in ta ined  during  reac ­
t i o n .  R ad ica l  ( I )  then  r e a c t s  w ith  more n i t r o g e n  d io x id e ,  d in i t r o g e n  
t e t r o x i d e ,  o r  oxygen ( i f  a i r  i s  p r e s e n t ) .
In the  absence o f  oxygen, th e  predominant p ro d u c ts  a re  the n i t r o -  
n i t r i t e ,  the  1 , 2 - d i n i t r o a l k a n e ,  and the 1 - n i t r o a lk e n e  (Eq. 4 - 3 ) .  N i-
( I )  + NOg.NgO^ ---- > O^N-Ç-Ç-ONO, & 02N-Ç=ÇH + MONO (4 -3 )
t r i t e  e s t e r  i s  r o u t i n e l y  c o n v e r ted  to the  c h em ica l ly  more s t a b l e  a l c o ­
h o l ;  one method i s  by t r a n e s t e r i f i c a t i o n  w ith  methanol (Eq. 4 -4 ) .1 4
O^N-Ç-Ç-ONO + Me OH -----> OgN-C-C-OH + MeONO (bp : -12°C) (4-4)
I f  oxygen i s  p r e s e n t ,  the  pero x y l r a d i c a l ,  ( I I ) ,  i s  formed (Eq. 4 - 5 ) .
( I )  +  0 .   ^ OgN-Ç-Ç-OO' ( 4 - 5 )
( I I )
R a d ic a l  ( I I )  e i t h e r  a b s t r a c t s  an a l l y l i c  hydrogen atom to g ive  a 2 - n i -  
t r o a l k y l  hyd ro p ero x id e  and a l l y l  r a d i c a l  ( I I I )  (Eq. 4 -6a)  o r  r e a c t s  with
( I I )  +  -C=C-CH„ ---- > O-N-C-C-OOH + -C-C-CH (4-6a)
I I I 2 2 I I I I I
( I I I )
e i t h e r  n i t r o g e n  d io x id e  o r  d in i t r o g e n  t e t r o x i d e  to form an a lk y l  peroxy- 
n i t r a t e  (IV) (Eq. 4 -6 b ) .1 5  A lky l p e r o x y n i t r a t e s  a r e  s h o r t - l i v e d
( I I )  + N02,N20^  > O2 N-Ç-Ç-OO-NO2  (4 -6b)
(IV)
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in te rm e d ia te s  a t  am bient tem pera tu re  and u l t im a te ly  form n i t r o n i t r a t e ,  
n i t r o k e to n e ,  o r  n i t r o a l c o h o l  (Eq. 4 -7 )  depending on s t r u c t u r e  and r e a c ­
t i o n  c o n d i t i o n s . 108
(IV )  > OgN-Ç-Ç-ONOg +  02N-Ç-Ç=0 (4 -7 )
The i n i t i a l  p roduc ts  o f  hydrogen a b s t r a c t i o n  by n i t r o g e n  d io x id e  
from an a lkene  (Eq. 4 -8 )  would be n i t r o u s  a c id  and a l l y l  r a d i c a l  ( I I I ) .
NOg + -C=C-Cn^  > HONO +  ( I I I )  ( 4 - 8 )
The decom position  o f  n i t r o u s  a c id  to w a te r ,  n i t r i c  ox ide ,  and n i t ro g e n  
d io x id e  (Eq. 3-3)91 p re v e n ts  the  r e v e r s a l  of r e a c t io n  4 -8 .  Like the 
te rm in a t io n  r e a c t i o n s  of a d d i t io n  in te rm e d ia te  ( I ) ,  the  te rm in a t io n  
r e a c t i o n s  o f  ( I I I )  (w ith  the  subsequent r e a c t io n  o f  n i t r i t e  w ith  meth­
an o l)  would produce the m ajor a l l y l i c  s u b s t i t u t i o n  p roduc ts  I have ob­
se rved  (Eqs. 4-9  th rough  4 -1 3 ) .
( I l l )  + N02,N20^  > -Ç=Ç-ÇH-N02 + -Ç=Ç-ÇH-ONO (4 -9 )
-C=C-CH-ONO + MeOH ----- > -C=C-CH-OH + MeONO (4 -10)
I I I  I I I
( I I I )  Og  ^ -Ç=Ç-ÇH-00- (4 -11 )
(V)
(V) + -Ç=Ç-ÇE^ ---> -Ç=Ÿ-^H-OOH + ( I I I )  (4 -1 2a)
(V) +  ----- > -Ç=(j:-ÇH-00-N02 ( 4 -1 2b)
(VI)
(VI)  ----- > -Ç=Ç-ÇH-0 N0 2  + -ç=ç-ç=0 (4 -13)
An a d d i t i o n a l  r e a c t io n  t h a t  could  occur a f t e r  fo rm ation  o f  e i t h e r  
n i t r i t e  e s t e r  (Eqs. 4 -3  & 4 -9 )  i s  th e  d i s s o c i a t i o n  o f  th e  e s t e r  in to
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a lk o x y l  r a d ic a l  (V II)  and n i t r i c  oxide (Eq. 4 -1 4 ) .  In  g e n e ra l ,  a f t e r
R-ONO -----> R-0* +  "NO (4-14)
(V II)
a lk y l  n i t r i t e  e s t e r s  a re  formed, th e y  a re  ch em ica lly  s t a b l e  in  non-aque- 
ous o r  n o n -a lc o h o l ic  s o lv e n t s .  For example, p r i o r  to t r a n s e s t é r i f i c a ­
t i o n  w ith  m ethano l,  I  o bse rved  th a t  93% o f  th e  t o t a l  2 -cycIohexenyI  
n i t r i t e - 2 - c y c I o h e x e n o I  m ix tu re  was the  n i t r i t e  e s t e r  (de te rm ined  by GC 
peak a r e a ) .  T h is  o b s e rv a t io n  was made f o r  a r e a c t io n  in  which a l l y l i c -  
s u b s t i t u t i o n  ( h y d ro g e n -a b s t r a c t io n )  p ro d u c ts  were the  m ajor p roduc ts  
(0.071% n i t r o g e n  d io x id e .  Tab. 3 -2 ) .  The n i t r i t e  e s t e r s  a r e  a l s o  t h e r ­
m ally  s t a b l e  a t  am bient te m p era tu re  because the bond d i s s o c i a t i n g  in  
r e a c t i o n  4-14 r e q u i r e s  35-40 k c a l /m o le  fo r  h o m o l y s i s . 109 However, 
d u r in g  the i n i t i a l ,  r a d i c a l  com bination to form n i t r i t e s  (Eqs. 4-3  o r
4 - 9 ) ,  the  m olecule  c o n ta in s  the  e x c e s s ,  v i b r a t i o n a l  energy r e le a s e d  by 
fo rm a t io n  of the  carbon-oxygen bond (bond d i s s o c i a t i o n  energy  (BDE) = 
55-60 k c a l /m o le ) .  U nless t h i s  excess  energy  i s  d i s s ip a t e d  by in te rm o -  
l e c u l a r  c o l l i s i o n s ,  i t  can p rov ide  s u f f i c i e n t  energy to b reak  the  a d j a ­
c e n t  o x y g en -n it ro g en  bond (Eq. 4 -1 4 ) .  In 1955, Gray sugges ted  t h a t  
s t a b l e  n i t r i t e s  would no t be formed by r e a c t io n s  such as 4 -3  o r  4 -9  in  
th e  gas phase because  o f  the  la c k  o f  in te rm o le c u la r  c o l l i s i o n s  needed to 
s t a b i l i z e  the e x c i t e d  n i t r i t e  m o le c u le s .109 This p r e d i c t i o n  has 
been s u b s t a n t i a t e d  by r e c e n t  work o f  S la g l e ,  e t  a l . , who have found th a t  
th e  gas -phase  r e a c t io n  o f  a l l y l  r a d i c a l  w ith  n i t r o g e n  d io x id e  a t  300°K 
and a t o t a l  p r e s s u re  o f  1 .0  t o r r  y i e ld s  on ly  2-propoxyI r a d i c a l  and 
n i t r i c  ox ide .  HO
I f  n i t r i t e  d i s s o c i a t i o n  (Eq. 4-14) occurs  in  my l i q u i d  phase r e a c ­
t i o n s ,  the  r e s u l t i n g  a lk o x y l  r a d i c a l s  cou ld  a b s t r a c t  hydrogen from
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cyclohexene (Eq. 4 -1 5 )  o r  r e a c t  w ith  n i t r o g e n  d io x id e  (Eq. 4 -1 6 )  to  form
(V II)  + -Ç=Ç-ÇH2 ----- > R-OH + ( I I I )  (4 -15 )
(V II)  + NOg  > R-ONOg (4 -16 )
p ro d u c ts  such as 1 - n i t r o c y c lo h e x a n o l , 2 -c y c lo h e x e n o l ,  o r  the  analogous 
n i t r a t e s .  By com parison to  the  gas -p h ase  r a t e  c o n s ta n t  f o r  r e a c t i o n  o f  
hydroxy l r a d i c a l  w ith  n i t r o g e n  d io x id e ,1 1 1  th e  va lue  o f  the  r a t e  con­
s t a n t ,  f o r  the  a lk o x y l  r a d i c a l  com bination  w ith  n i t r o g e n  d io x id e  i s
a p p ro x im a te ly  1 0 8  M“ l s “ l ,  and the  r a t e  c o n s ta n t  f o r  hydrogen a b s t r a c t i o n  
by a lk o x y l  r a d i c a l ,  k jg ,  i s  6 x 10^ M~ls“ l a t  4 0 °C ,H 2  c a .  10^ s m a l l e r .  
At my cyclohexene c o n c e n t r a t i o n  o f  c a .  6 M, th e  r a t e  o f  n i t r a t e  forma­
t i o n  w i l l  be g r e a t e r  than  the  r a t e  o f  hydrogen a b s t r a c t i o n  a t  n i t r o g e n  
d io x id e  c o n c e n t r a t i o n s  above 10"4 M (abou t 10 ppm (w/w)) (Eq. 4 - 1 7 ) .
R a te (4 -1 6 )  ^ k^^[(V II)][N O ^] ^ 10®[N02]
R a te (4 -1 5 )  k ^ ^ [ (V II) ] [C y c lo h e x ]  10^
Thus, in  my r e a c t io n s  in  the  absence o f  oxygen, n i t r a t e  fo rm ation  by 
a lk o x y l  r a d i c a l s  i s  a measure o f  n i t r i t e  decom position  by r e a c t i o n  4 -14 . 
The d a ta  o f  Table  3-2 show t h a t  in  the  absence o f  oxygen n i t r a t e s  a re  
form ed, bu t they  amount to  no more than  5% o f  a l l  p ro d u c ts .  T h is  i n d i ­
c a t e s  t h a t  in  the  absence o f  oxygen, a lk o x y l  r a d i c a l  fo rm atio n  i s  a 
m inor s id e  r e a c t io n  th a t  cannot c o n t r i b u t e  s i g n i f i c a n t l y  to  hydrogen 
a b s t r a c t i o n .
A d d it io n a l  -v idence i n d i c a t i n g  t h a t  fo rm atio n  o f  and hydrogen ab­
s t r a c t i o n  by a lk o x y l  r a d i c a l  i s  no t im p o r tan t  in  the  absence o f  oxygen
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
can be found by comparing the  w a te r - fo rm a t io n  d a ta  o f  Table 3-4 w i th  the  
a b s t r a c t i o n - p r o d u c t  da ta  o f  F igu re  3 -2 . The amount o f  w ater  formed by 
th e  r e a c t io n  of cyclohexene w ith  n i t r o g e n  d io x id e  in d i c a t e s  t h a t  about 
50% o f  the  n i t r o g e n  d io x id e  t h a t  r e a c te d  d id  so by hydrogen a b s t r a c t i o n  
t o  form n i t r o u s  a c id .  By com parison , the  d a ta  in  F ig u re  3-2 in d i c a t e  
t h a t  about 50% a d d i t i o n  i s  o c c u r r in g  a t  the  same n i t r o g e n  d io x id e  con­
c e n t r a t i o n  (0 .5 -1 % ).  Thus, th e  d a ta  i n d i c a t e  t h a t  a l l  the  hydrogen 
a b s t r a c t i o n  o c c u r r in g  in  my r e a c t io n s  in  the absence o f  oxygen i s  i n i t i ­
a t e d  by n i t r o g e n  d io x id e  r a t h e r  than a n o th e r  r a d i c a l  such as an a lk o x y l  
r a d i c a l .
In  the  p resen ce  o f  oxygen, fo rm a tio n  o f  a lk o x y l  r a d i c a l  i s  not 
l i m i t e d  to  r e a c t i o n  4 -14 .  For a second example, two o f  the  p ro d u c ts  of 
a u t o x id a t i o n  o f  cy c lo h ex en e ,  2 -cy c lo h ex en o l and 2 -cyc lohexenone ,  a re  
formed r e s p e c t i v e l y  by e i t h e r  hydrogen a b s t r a c t i o n  o r  d i s p r o p o r t i o n a t i o n  
r e a c t i o n s  of a lk o x y l  r a d i c a l .  However, th e se  p ro d u c ts  r e p re s e n t  on ly  
12% o f  the  a u to x id a t io n  p r o d u c t s . 48 At low n i t r o g e n  d io x id e  c o n c e n tra ­
t i o n s ,  th e  m ajor r e a c t io n  o f  a u to x id a t io n  i s  hydrogen a b s t r a c t i o n  by 
p e ro x y l  r a d i c a l  (V) to  produce hyd roperox ide  (80% o f  a l l  o x id a t io n  p ro -  
d u c t s ) 4 8  and a l l y l  r a d i c a l  ( I I I )  (Eq. 4 -1 2 a ) ;  I  observed  very  s i m i l a r  
r e s u l t s  (Tab. 3 - 3 ) .  At h igh  n i t r o g e n  d io x id e  c o n c e n t r a t i o n s ,  combina­
t i o n  o f  peroxy l r a d i c a l  (V) w i th  n i t r o g e n  d io x id e  (Eq. 4-12b) i s  h ig h ly  
fa v o re d  over hydrogen a b s t r a c t i o n  by (V ). L ike the  a lk o x y l  c a s e ,  the 
r a t e  c o n s ta n t  f o r  com bination  o f  peroxy l r a d i c a l  w ith  n i t r o g e n  d io x id e  
i s  expec ted  to  be about 108 The r a t e  c o n s ta n t  f o r  hydrogen ab­
s t r a c t i o n  by p e ro x y l r a d i c a l  a t  40°C i s  3 x 10“ 2 M -lg -1 ,112  Thus, p e r -  
o x y n i t r a t e  fo rm atio n  by peroxy r a d i c a l s  i s  favo red  a t  n i t r o g e n  d io x id e  
c o n c e n t r a t i o n s  above 10“ 9 m ( c f .  Eq. 4 - 1 7 ) .  S ince p e r o x y n i t r a t e s  a re
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u n s ta b l e  a t  room te m p e ra tu re ,  and s in c e  t h e i r  decom position  mechanism i s  
th o u g h t  to  in v o lv e  a lk o x y l  r a d i c a l s  (Eq. 4 - 1 8 ) ,1 0 8 ,2 0  p e r o x y n i t r a t e  f o r -
(VI)  > R-0. + "NOg (4-18)
m ation  and decom position  i s  a t h i r d  p o s s ib le  source  o f  a lk o x y l r a d i c a l s .  
Thus, in  the  p re sen ce  o f  oxygen, th e re  a re  th r e e  p o t e n t i a l  mechanisms by 
which a lk o x y l  r a d i c a l  may be formed, bu t i t  i s  no t p o s s ib le  to d i s t i n ­
g u ish  among them and de term ine  i f  r e a c t io n  4-14 i s  o p e ra t in g .  However, 
t h e r e  i s  no reason  f o r  the  s t a b i l i t y  o f  the  n i t r i t e  e s t e r s  to d ec rease  
i n  the  p resence  o f  oxygen and make r e a c t io n  4-14 any more im portan t  in  
th e  p resence  o f  oxygen than  in  i t s  ab sence .
A nother concern  I  have had i s  the  c o r r e c tn e s s  o f  my assum ption  th a t
3 -n i t ro c y c lo h e x e n e  (a  m ajor p roduc t)  a r i s e s  from h y d ro g e n -a b s t r a c t io n  
and not from e l im in a t io n  o f  n i t r o u s  a c id  (HONO) from 1 , 2 - d i n i t r o c y c l o -  
h e x a n e .82 One i n d i c a t i o n  t h a t  i t  i s  an a b s t r a c t i o n  p roduct i s  t h a t  i t s  
y i e l d  in c r e a s e s  w ith  the  o th e r  a b s t r a c t i o n  p roduc ts  when the gas-phase  
n i t r o g e n  d io x id e  c o n c e n t r a t i o n  i s  d ec reased  (Tab. 3 -2 ) .  C onversely , 
u nder  the  same c o n d i t i o n s ,  the  y ie ld  of 1 -n i t ro c y c lo h e x e n e  d ec re ase s  
w i th  the  o th e r  a d d i t i o n  p ro d u c ts .  To see i f  e l im in a t io n  of HONO from
1 , 2 - d in i t r o c y c lo h e x a n e  could  be a source  of 3 -n i t ro c y c lo h e x e n e ,  we 
de te rm ined  the  amount o f  bo th  compounds in  a r e a c t io n  m ix ture  ( i n  dry 
e t h e r )  p r i o r  to  t r a n s e s t é r i f i c a t i o n  w ith  m ethano l,  our usua l w o r k u p . 8 7  
A d d it io n  o f  wet m ethanol (<5% w a te r )  in  the  p resence  of r e s id u a l  n i t r o ­
gen d io x id e  and n i t r o u s  a c id  mimics the  most a c i d i c  c o n d i t io n s  encoun­
t e r e d  d u r in g  r e a c t io n  o r  workup. Except f o r  the  co nvers ion  of n i t r o -  
n i t r i t e  to n i t r o a l c o h o l  (Eq. 4 - 4 ) ,  th e  r e l a t i v e  amounts o f  the  p ro d u c ts  
were unchanged by t h i s  s im u la te d  workup p ro ced u re .  ( A l t e r n a t i v e l y ,  in
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th e  p resence o f  the  base t r i e th y l a m in e ,  bo th  3 -n i t ro c y lc o h e x e n e  and
I , 2 -d in i t ro c y c lo h e x a n e  r e a c te d ,  and the  amount of 1 -n i t ro c y c lo h e x e n e  
i n c r e a s e d . )87 Thus, any e l im in a t io n  o f  n i t r o u s  a c id  from 1 , 2 -d ia d d u c ts  
w i l l  g iv e  the 1 - n i t r o  r a t h e r  than the  3 - n i t r o  a lk e n e ,  and 3 - n i t r o c y c l o ­
hexene must r e s u l t  from a l l y l i c  hydrogen a b s t r a c t i o n  by n i t r o g e n  d iox ­
id e .
I I .  R a t io n a le  Of The Change Of I n i t i a t i o n  Mechanism From A d d it io n  To 
Hydrogen A b s t r a c t io n
We sugges t the  fo llo w in g  e x p la n a t io n  f o r  the  in c re a s in g  amount of 
hydrogen a b s t r a c t i o n  observed  w ith  d e c re a s in g  n i t ro g e n  d io x id e  concen­
t r a t i o n .  A d d it io n ,  the  therm odynam ically  favored  p r o c e s s , 104,113 
r e v e r s i b l e  (Eq. 1 ) .1 0 3 ,1 0 4  c o n t r a s t ,  hydrogen a b s t r a c t i o n  i s  n o t ;  
th e  n i t r o u s  a c id  formed in  r e a c t i o n  4-8  decomposes to  n i t r i c  o x id e ,  
n i t r o g e n  d io x id e ,  and w a te r  (Eq. 3-3)91 p re v e n t in g  r e v e r s a l  of r e a c t io n
4 -8 .  T h e re fo re ,  a t  h igh  c o n c e n t r a t io n s  o f  a r a d i c a l  t r a p p in g  s p e c ie s  
( n i t r o g e n  d i o x i d e ,H 4  d in i t r o g e n  t e t r o x i d e ,  o r  oxygen), in t e rm e d ia te  ( I )  
r e a c t s  to  g ive  a d d i t io n  p ro d u c ts .  E quation  4 -19  i l l u s t r a t e s  t h i s  u s ing
I I ^ 3  I I
NO, + -C=C-  > 0,N-C-C« 0,N-C-C-00* (4 -1 9 )
£m I * ^  I l  2   ̂ ^
2 ( I )  ( I I )
oxygen as  the  r a d i c a l - t r a p p i n g  s p e c ie s .  At low c o n c e n t r a t io n s  o f  
t r a p p in g  s p e c i e s ,  r a d i c a l  ( I )  i s  t rap p e d  more slow ly  and a l a r g e r  
f r a c t i o n  o f  ( I )  r e v e r t s  to  reform  the  a lk e n e ;  t h e r e f o r e ,  l e s s  a d d i t io n  
o c c u rs  and hydrogen a b s t r a c t i o n  becomes fav o red .
The concern  we had about t h i s  e x p la n a t io n  i s  t h a t  a b s t r a c t i o n  i s  
too  slow to  compete w ith  a d d i t i o n .  In  f a c t ,  P i t t s ,  e t  a l .  a p p a r e n t ly  
found t h a t  no a b s t r a c t i o n  o ccu rred  in  t h e i r  gas -phase  s y s t e m . 44 p i t t s .
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e t  a l . , de term ined  th a t  the average  a c t i v a t i o n  energy  f o r  a d d i t io n  o f  
n i t r o g e n  d io x id e  to sm all a lk en es  i s  abou t 12 k c a l /m o le  a t  2 9 8 °K .107 
Benson su g g es ts  t h a t  th e  a c t i v a t i o n  energy  f o r  hydrogen a b s t r a c t i o n  by 
n i t r o g e n  d io x id e  i s  2-5 k c a l /m o le  in  excess  o f  th e  e n d o th e rm ic i ty  o f  th e  
r e a c t i o n  ( r e f .  113, p. 222). With an a l l y l i c  carbon-hydrogen  (C-H) BDE 
o f  85 and an H-ONO BDE o f  78.3  k c a l / m o l e , 113 hydrogen a b s t r a c t i o n  i s  
endo therm ie  by about 7 k c a l /m o le .  I f  B enson 's  s u g g e s t io n  i s  c o r r e c t ,  
th e  r e s u l t i n g  e s t im a te  o f  the  a c t i v a t i o n  energy  f o r  a b s t r a c t i o n  i s  12 
k c a l /m o le .
The a c t i v a t i o n  energy f o r  hydrogen a b s t r a c t i o n  from to lu e n e  ( a l l y l ­
i c  C-H BDE o f  85 k c a l /m o le ) H 3  by n i t r o g e n  d io x id e  has been measured; in  
benzene the v a lu e  i s  20 .8  k c a l / m o l e ; 4 3  carbon t e t r a c h l o r i d e  i t  i s  
18 .3  k c a l / m o l e . 115 Using the ex p e r im e n ta l  f requency  f a c t o r ,  log  A = 
7 .4 ,4 3  th e  r a t e  c o n s ta n t  f o r  a b s t r a c t i o n  i s  c a l c u la te d  to be 9 .6  x 10"^ 
to  1 .4  X 1 0 “ 8  M - ls “ l a t  298°K. Based on an average  a c t i v a t i o n  energy of 
12 k c a l /m o le  and an average  va lue  o f  log A = 7 .5 ,1 0 7  the  r a t e  c o n s ta n t  
f o r  a d d i t io n  a t  298°K would be 0 .0 5  M“ l s “ l .  The r a t i o  o f  r a t e  c o n s ta n t s  
kadd /^abs  t h e r e f o r e  i s  5 x 103 to  4 x 10&. Thus, a d d i t i o n  i s  h ig h ly  
fav o red  over a b s t r a c t i o n ,  as  our d a ta  a t  h igh  NO2  c o n c e n t r a t io n s  show. 
However, the  ve ry  ra p id  r e v e r s i b i l i t y  o f  a d d i t i o n  (kj-g^ = 5 x 10^ to  5 x 
105 g - l )1 0 7  and the  i r r e v e r s i b i l i t y  o f  hydrogen a b s t r a c t i o n  (due to 
n i t r o u s  a c id  fo rm atio n  and i t s  subsequen t d is m u ta t io n )  cause a b s t r a c t i o n  
to  be favored  9 :1  a t  n i t r o g e n  d io x id e  c o n c e n t r a t i o n s  below 100 ppm (F ig .  
3 -2 ) .
In  support o f  t h i s  r a t i o n a l e ,  c o n s id e r  the  s i m i l a r  s i t u a t i o n  in  
f r e e - r a d i c a l  b ro m in a t io n .  The r a t e  c o n s ta n t  f o r  a l l y l i c  hydrogen-ab­
s t r a c t i o n  by bromine atoms a t  298°K i s  c a l c u l a t e d  to  be 170 M” l s “ l u s in g
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lo g  A = 7 .5  (o u r  e s t im a te )  and the  ex p e r im e n ta l  a c t i v a t i o n  energy of 7 .2  
k c a l / m o l e . 116 -phe r a t e  c o n s ta n t  f o r  a d d i t i o n  by bromine atoms a t  298°K 
i s  c a l c u l a t e d  to be 1.1 x 1 0 6  to  3 .2  x 10^ M "ls“ l u s in g  log A = 7 .5  (ou r  
e s t im a te )  and th e  ex p e r im e n ta l  a c t i v a t i o n  energy  of 0-2  k c a l / m o l e . H 7 ~ l 19 
The r e s u l t i n g  r a t e  c o n s ta n t  r a t i o ,  k^dd/kabg» i s  6  x 1Q3 to  2 x  1Q5.
Even though th e  r a t i o  o f  r a t e  c o n s ta n t s  p r e d i c t s  t h a t  a d d i t i o n  i s  g r e a t ­
l y  p r e f e r r e d ,  th e  r a p id  r e v e r s i b i l i t y  o f  a d d i t i o n  and the  i r r e v e r s i b i l i ­
t y  o f  a b s t r a c t i o n  ( i f  HBr i s  removed) a l lo w s  a b s t r a c t i o n  to predom inate 
a t  low bromine c o n c e n t r a t i o n s . 120 F or example, 3-bromocyclohexene i s  
formed in  84% y ie ld  from cyclohexene i f  a n i t r o g e n  c a r r i e r  gas i s  used 
t o  m a in ta in  a low c o n c e n t r a t i o n  o f  bromine and remove H B r . 120a Our 
r e s u l t s  w ith  n i t r o g e n  d io x id e  and cyclohexene  a re  e s s e n t i a l l y  
i d e n t i c a l .
I I I .  E x p la n a t io n  Of The Dependence Of The P ro d u c t D i s t r i b u t i o n  On The
Oxygen C o n c e n t ra t io n
I t  may ap p ea r  s u r p r i s in g  a t  f i r s t  t h a t  hydrogen a b s t r a c t i o n  predom­
i n a t e s  a t  low NO2  c o n c e n t r a t i o n s  in  the  p re sen ce  o f  oxygen (F ig .  3 -3 , 
open p o i n t s ) , s in c e  oxygen should  t r a p  in te r m e d ia te  ( I )  (Eq. 4 -1 9 )  and 
change the  a d d i t i o n / s u b s t i t u t i o n  p roduc t  r a t i o .  The l a c k  of e f f e c t  of 
oxygen on the  r a t i o  o f  a d d i t i o n  to  a b s t r a c t i o n  can be r a t i o n a l i z e d  in  
th e  fo l lo w in g  way. Cyclohexene r e a d i l y  a u to x id iz e s  a t  30°C,121 to  g iv e  
a 90% y ie ld  of h y d r o g e n - a b s t r a c t io n  p ro d u c ts  such as  2 -cy c lo h ex en y l 
h y d ro p e ro x id e ,  2 -c y c lo h e x e n o l ,  and 2 - c y c l o h e x e n o n e . 48 As the  n i t r o g e n  
d io x id e  c o n c e n t r a t i o n  d e c re a se s  and the  KCL i n c r e a s e s ,  th e  amount of 
p ro d u c t  from a u t o x id a t i o n  in c r e a s e s .  At my low es t  n i t r o g e n  d io x id e  
l e v e l s  in  the p re sen ce  o f  oxygen, the  KCL e q u a l s  abou t 9 (F ig .  3 - 4 ) ,  so
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t h a t  about 90% o f  the  p ro d u c ts  r e s u l t  from a u to x id a t io n  and about 10% 
from i n i t i a t i o n  by n i t r o g e n  d io x id e .  This  l a r g e  y ie ld  of a u to x id a t io n  
p ro d u c ts  e x p la in s  why th e  p e rc e n t  o f  a d d i t i o n  de term ined  from t o t a l  
p ro d u c ts  ( F ig .  3 -3 ,  open p o in t s )  approaches  10%, th e  va lue  expected  on 
th e  b a s i s  o f  a u t o x id a t i o n  p ro d u c ts  a l o n e . 48
In  o rd e r  to  ob se rv e  the e f f e c t s  o f  v a ry in g  the  n i t r o g e n  d io x id e  and 
oxygen c o n c e n t r a t i o n s  on the  r e a c t i o n  o f  n i t r o g e n  d io x id e  w ith  c y c lo ­
hexene ex c lu d in g  a u t o x id a t i o n ,  I  used the  k i n e t i c  ch a in  le n g th  da ta  to 
s u b t r a c t  a u to x id a t i o n  p ro d u c ts  from the  t o t a l  p ro d u c ts .  The p e rc e n t  ad­
d i t i o n  was r e c a l c u l a t e d  in  term s o f  i n i t i a t i o n  p ro d u c ts  acco rd in g  to the 
r a t i o :  moles o f  a d d i t io n  p ro d u c ts  to  moles o f  n i t r o g e n  d io x id e  absorbed
by r e a c t io n  w ith  cyc lohexene  (F ig .  3 -3 ,  f i l l e d  p o i n t s ) .  These da ta  show 
t h a t  a t  ppm l e v e l s  o f  n i t r o g e n  d io x id e ,  the  a d d i t i o n  o f  oxygen to the 
r e a c t i o n  m ix tu re  does s h i f t  the  r e a c t i o n  mechanism, bu t on ly  v e ry  
s l i g h t l y  toward more a d d i t i o n  than  i s  observed  in  the  absence o f  oxygen.
To r a t i o n a l i z e  t h i s  sm all  e f f e c t  o f  oxygen, I  su g g es t  t h a t  the r a t e  
o f  c a p tu re  o f  ( I )  by oxygen may no t be s u f f i c i e n t l y  ra p id  to p reven t ( I )  
from r e v e r t i n g  to  s t a r t i n g  m a t e r i a l s .  The r a t e  o f  t r a p p in g  o f  ( I )  by 
oxygen depends on the  r a t e  c o n s t a n t ,  kg = 2 x 10^ to  109,114b-e the  con­
c e n t r a t i o n  o f  ( I ) ,  and the  oxygen c o n c e n t r a t i o n .  S im i la r ly ,  th e  r a t e  of 
r e v e r s a l  of ( I )  to  s t a r t i n g  m a t e r i a l s  depends on the  r a t e  c o n s ta n t ,  kg = 
5 X 104 to  5 X 105,107 and on the  c o n c e n t r a t i o n  o f  ( I ) .  Under the 
s t e a d y - s t a t e  c o n d i t io n s  o f  a u t o x id a t i o n ,  th e  e s t im a te d  oxygen c o n c e n tra ­
t i o n  in  our r e a c t i o n  s o lu t i o n s  i s  10“3 to  1 0 "4 m .122 T h e re fo re ,  the 
v a lu e  o f  the  r a t i o  : ( t h e  r a t e  o f  r e v e r s a l  o f  ( I )  to  s t a r t i n g  m a t e r i a l s ) /  
( t h e  r a t e  o f  t r a p p in g  o f  ( I ) )  l i e s  between 0 .0 5 /1  t o  25/1 (Eq. 4 -2 0 ) ,
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i n d i c a t i n g  th a t  up to  96% o f  ( I )  can r e v e r t  to  s t a r t i n g  m a te r i a l  even in  
th e  p resence  o f  oxygen.
IV. D e te rm in a t io n  Of The O x id i z a b i l i t y  R a t io s  Of The U n sa tu ra te d  F a t t y  
Acid E s t e r s
We have de term ined  v a lu e s  o f  the  o x i d i z a b i l i t y  r a t i o  kp /(2 k j- )^ /2  
(where kp i s  the  p ro p ag a t io n  r a t e  c o n s ta n t  and k^ i s  the  te rm in a t io n  
r a t e  c o n s ta n t )  f o r  each o f  the  u n s a tu ra te d  f a t t y  a c id  e s t e r s .  E s te r  
o x id a t io n  r a t e s  were p lo t t e d  as fu n c t io n s  o f  the  square  ro o t  o f  the 
i n i t i a t i o n  r a t e  o f  n i t r o g e n  d io x id e  (F ig .  4 - 1 ) ,  and the o x i d i z a b i l i t y  
r a t i o s  were c a l c u l a t e d  from the  s lo p es  o f  th e se  p l o t s .  Since e i t h e r  
i n i t i a t i o n  mechanism (Eq. 4-1 o r  4 -8 )  g iv es  the  same k i n e t i c  r e s u l t  f o r  
a u t o x id a t i o n ,  th e s e  v a lu es  a re  n o t  dependent on the  i n i t i a t i o n  mechan­
ism . Our e x p e r im en ta l  v a lu e s  r e f l e c t  the  r e l a t i v e  o x i d i z a b i l i t i e s  o f  
th e  th re e  e s t e r s  in  agreement w ith  l i t e r a t u r e  v a lu e s  : 1 8 :3 /1 8 :2 /1 8 :1  =
4 0 /2 0 /1  (Tab. 4 - 1 ) .  However, o u r  a b s o lu te  v a lu e s  a re  a l l  about one 
t h i r d  o f  the  l i t e r a t u r e  v a l u e s . 41
There a re  two f a c t o r s  c o n t r i b u t in g  to  the  d is c re p a n c y  between our 
d a ta  and the l i t e r a t u r e  d a t a ,  KCL and te rm in a t io n  r e a c t io n s ;  bo th  deal 
w i th  the  assum ptions  invo lved  in  the  d e r iv a t i o n  and use o f  the  c l a s s i c  
e q u a t io n  fo r  o x id a t io n  (Eq. 4 - 2 1 ) .  This s im p l i f i e d  eq u a t io n  can be
j  _ j  ( k  )  1 / 9
— [T o ta l  P erox ide]  = — [E s te r ]  = — ^ [ E s t e r ]  (R ) (4-21)
d t  d t  ( 2 k ^ ) l / 2  1
d e r iv e d  from more complex e q u a t io n s  on the  a ssum ptions :  t h a t  s tead y
s t a t e  c o n d i t io n s  e x i s t  ( i n i t i a t i o n  = t e r m in a t io n ) ,  t h a t  the  o n ly  im por-















F ig u re  4 -1 . O x ida tion  r a t e s  of the  th re e  u n s a tu r a t e d  f a t t y  a c i d  e s t e r s  
(Tab. 3 -7 ,  3 -9 )  p l o t t e d  as a fu n c t io n  o f  the  sq u a re  r o o t  o f  
th e  i n i t i a t i o n  r a t e  by n i t r o g e n  d io x id e .
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Table  4 -1 .  A u t o x id l z a b i l i t y  R atios§  For 
The U n sa tu ra te d  F a t ty  Acid 
E s te r s  At 3 0 .0°C.
E s te r My Values* Howard & In g o ld t
18:3 14 39
18:2 6 21
18:1 0 .3 0.89
*(kp/(2k^)l/2) X 10^
*B ubbler r e a c t o r s ;  NO2  i n i t i a t o r ;  methyl 
e s t e r s .
t W e l l - s t i r r e d  r e a c to r ;  a z o - b i s - c y c lo h e x -  
y l n i t r i l e  i n i t i a t o r ;  m ethyl e s t e r s . 41
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t a n t  te rm in a t io n  r e a c t i o n s  a re  between peroxy r a d i c a l s  (At oxygen p r e s ­
s u re s  above 100 t o r r ,  oxygen scavenges a l l  c a rb o n -c e n te re d  r a d i c a l s ) ,  
and t h a t  the  KCL i s  long  so t h a t  t e rm in a t io n  r e a c t io n s  a re  i n s i g n i f i c a n t  
compared to p r o p a g a t i o n .123 K in e t ic  da ta  o b ta in e d  under th e se  con­
d i t i o n s  w i l l  y i e ld  s ta n d a rd  v a lu e s  o f  the  o x i d i z a b i l i t y  r a t i o  when p l o t ­
t e d  as  in  F ig u re  4 -1 .
Since the  m a jo r i t y  o f  the  r e a c t io n s  r e p re s e n te d  in  F igure  4-1 have 
KCL v a lu e s  ran g in g  from 50 to  1 (Tab. 3 -7 ,  3 - 9 ) ,  i n i t i a t i o n  and te rm in a ­
t i o n  p ro d u c ts  acco u n t f o r  from 2% to  almost 100% o f  the  t o t a l  p ro d u c ts .  
C le a r ly ,  under th e se  c o n d i t io n s ,  i n i t i a t i o n  and te rm in a t io n  a re  not 
i n s i g n i f i c a n t  r e l a t i v e  to  p ro p a g a t io n .  Though we have shown th a t  a t  ppm 
l e v e l s  each n i t r o g e n  d io x id e  absorbed  r e a c t s  p redom inan tly  by hydrogen 
a b s t r a c t i o n  to  i n i t i a t e  one r a d i c a l  cha in  (Sec. 3 -IV -A -b ) , ex traneous  
t e rm in a t io n  r e a c t i o n s  o f  the  n i t r o g e n  ox ide  r a d i c a l s  re g e n e ra te d  from 
n i t r o u s  a c id  decom position  (Eq. 3 -3 )  may compete w ith  b im o lecu la r  r e a c ­
t i o n  o f  peroxy r a d i c a l s .  (The f a c t  t h a t  th e re  i s  a n e t  a b s o rp t io n  of 
n i t r o g e n  d io x id e  from the  c a r r i e r  gas s tream  (Tab. 3-1) su g g e s ts  t h a t  
th e  n i t r o u s  a c id  formed by i n i t i a t i o n  decomposes to  n i t ro g e n  ox ides  
which te rm in a te  c h a i n s . )  Thus, the  n e t  r e s u l t  of s h o r t  cha in  le n g th s  
and o f  a d d i t i o n a l  t e rm in a t io n  r e a c t io n s  i s  an e f f e c t i v e  in c re a s e  in  the 
t e rm in a t io n  r a t e  e x p re s s io n  govern ing  the k i n e t i c s  in  my r e a c t io n s .  The 
in c r e a s e  o f  t e rm in a t io n  a t  the expense o f  p ro p a g a t io n  reduces  the  expec­
te d  v a lu e s  of th e  o x i d i z a b i l i t y  r a t i o ,  which I  have observed .
V. Summary
The da ta  i n d i c a t e  t h a t  n i t r o g e n  d io x id e  r e a c t s  bo th  w ith  u n s a tu r a ­
te d  f a t t y  a c id  model systems and w ith  i n t a c t  an im als  v i r t u a l l y  e x c lu -
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s iv c l y  by f r e e  r a d i c a l  mechanisms. S tu d ie s  o f  model systems in d i c a te  
t h a t  n i t r o g e n  d io x id e  i n i t i a t e s  th e  a u to x id a t io n  o f  u n s a tu ra te d  f a t t y  
a c i d s ,  w ith  each  n i t ro g e n  d io x id e  s t a r t i n g  ap p ro x im a te ly  one k in e t i c  
c h a in .  In  c o n t r a s t  w ith  p rev io u s  r e p o r t s ,  my s tu d ie s  show th a t  low ppm 
l e v e l s  o f  n i t r o g e n  d io x id e  i n i t i a t e  a u to x id a t io n  predom inan tly  by 
a b s t r a c t i n g  a l l y l i c  hydrogen r a t h e r  than  by a d d i t i o n .  Both hydrogen 
a b s t r a c t i o n  and a d d i t io n  i n i t i a t e  one k i n e t i c  c h a in .  However, th e re  i s  
a s i g n i f i c a n t  d i f f e r e n c e  between a d d i t io n  and a b s t r a c t i o n :  a d d i t io n  of
n i t r o g e n  d io x id e  produces u n s a tu r a te d  f a t t y  a c id  m olecules  c o n ta in in g  
n i t r o g e n  d io x id e  g ro u p s ,  whereas hydrogen a b s t r a c t i o n  y ie ld s  a m olecule 
o f  n i t r o u s  a c i d ,  a h ig h ly  dangerous to x in  t h a t  can n i t r o s a t e  o rgan ic  
amines to  form n i t r o s a m in e s .
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APPENDIX
Table  A~1 c o n ta in s  d a t a  from our i n i t i a l  N0 2 “cyclohexene  p roduc t 
d e te r m in a t io n s .  The GC column used  f o r  th e s e  e x p e r im e n ts ,  a  1/8 inch  x 
5 fo o t  s t a i n l e s s  s t e e l  column packed w ith  5% SE-30, d id  n o t  t o t a l l y  
r e s o lv e  a l l  o f  th e  p ro d u c ts ,  so th e  s e r i e s  o f  experim en ts  was r e p e a te d  
w ith  th e  10 fo o t  OV-101 column d e s c r ib e d  i n  th e  E xperim en ta l s e c t i o n .  
P roduct r e s o l u t i o n  was g r e a t l y  improved, and th e s e  r e s u l t s  a re  l i s t e d  i n  
Table  3 -2 .  The v a lu e s  fo r  th e  s u b t o t a l s  o f  a b s t r a c t i o n  and a d d i t io n  
p ro d u c ts  o b ta in e d  from b o th  GC columns a g re e ,  so b o th  s e t s  o f  d a t a  
(T ab les  3-2  and A-1) a re  p l o t t e d  in  F ig u re  3 -2 .  However, th e  in d iv id u a l  
p ro d u c t  d i s t r i b u t i o n s  o f  T ab les  3-2 and A-1 d i s a g r e e .  S ince th e  lo n g e r  
GC column gave b e t t e r  peak r e s o l u t i o n ,  th e  d a t a  o f  T ab le  3-2 a re  c o n s i ­
dered  more r e l i a b l e  th a n  th o se  o f  Table A-1 and a re  p re se n te d  as our 
f i n a l  r e s u l t s .
Table  A-2 c o n ta in s  th e  ex p e r im en ta l  d a t a  p l o t t e d  i n  F ig u re  3-12, p 
80; th ey  were o b ta in e d  by a n a ly se s  f o r  n i t r o g e n  in  samples o f  u n s a t u r a t ­
ed f a t t y  a c id  e s t e r s  which were exposed to  NOg in  a i r .  The method o f  
sample exposure  and p r e p a r a t io n  fo r  t r a c e  n i t r o g e n  a n a ly s i s  by G a lb ra i th  
Labs^^ i s  g iv e n  in  th e  ex p e r im e n ta l  s e c t i o n ,  pp 34— 35. G a lb ra i th  Labs 
c la im s  a p r e c i s i o n  o f  +_ 10% f o r  i t s  a n a ly se s  o f  t h i s  ty p e ,  and I  have 
observed  t h i s  p e r c e n t  p r e c i s i o n  f o r  d u p l i c a t e  samples su b m it ted  under 
d i f f e r e n t  l a b e l s .  However, a n a ly se s  o f  samples from d i f f e r e n t  
ex perim en ts  ru n  a t  th e  same c o n d i t io n s  tended  to  g iv e  n i t r o g e n  c o n te n ts  
t h a t  v a r i e d  by as much as 20%.
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Table  A-1. Supplem ental Values Of Mole P e rcen tag es  Of P roduc ts  From The 
R eac tio n  Of Cyclohexene And N0« In The Absence Of Oxygen At 
30*0.
Wt. P e rcen t  NO2  In N itrogen 17 5 4 1 0 .4 0 .3 0.02 0 .006
Experiment Number: Book- V V V V V VI V VI
Page- 67 86 79 90 93 82 107 4
S u b s t i t u t i o n  P ro d u c ts  By 
Hydrogen A b s t r a c t io n
2-C yclohexenol 2 9 7 23 23 13 73 85
2-Cyclohexenyl N i t r a t e 2 5 4 22 21 2 4 4
3 -N itro cy c lo h ex en e 8 10 11 9 11 27 2 <1
2-Cyclohexenone Oxime 3 3 1
Mole P e rcen t  S u b s t i t u ­ 12 24 2? 57 58 43 79 89t io n  P ro d u c ts
A ddition  P roducts
1-N itro cy c lo h e x e n e 17 35 30 13 11 16
2 -N it ro c y c lo h e x a n o l ' 38 41 42 23 14 35 13 9
2 -N itro c y c lo h e x y l  N i t r a t e 1 <1 3 4 12 3 7 2
1 ,2 -D in i tro c y c lo h e x a n e 23 <1 3 1 5 3 1
Mole P e rcen t  A dd ition 88 76 78 43 42 57 21 11P ro d u c ts
T o ta l Moles P ro d u c ts^ (x lO ^ ) 49 14 15 10 8.1 9 .4 2.5 3.5
T o ta l Moles NO2 * (x lo4) 98 27 29 16 12 15 3.5 3.7
K.C.L . (P rod ./N 02) .50 .52 .51 .62 .68 .63 .71 .94
t  The v a lu e s  shown in c lu d e  ke tone  as a minor p ro d u c t .
§ The t o t a l  moles o f  a l l  i d e n t i f i e d  p ro d u c ts  a re  shown; th e  av e rag e  
p roduc t  y i e l d  i s  97 +_ 14% o f  th e  cyc lohexene  consumed (se e  Appendix, 
page 116).
* The t o t a l  moles o f  NO2  t h a t  r e a c t e d  w ith  cyc lohexene .
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Table A-2. Nitrogen Incorporation Data P lo tted  In Figure 3 -12 .
Compound P e rc e n t  NOg Mass Holes NO2 Max.— Exper. % A d d it io n
in  A ir Cmpd Absorbed Wt.% N Wt. % (Exper.Wt.% N)
(g) (x  10*) ( G a lb ra i th ) ( Max.Wt.% N )
18:1 40 ppm 4 .0 7 .9 0 .27 0.046 17
f t 65 ppm 2.7 5 .3 0 .27 0.016 6
I I 0.8% 3.1 9 .8 0 .4 4 0.083 19
I I 5% 2.7 16.2 0 .8 2 0.23 28
I I 30 _+ 6% 4 .0 4 9 .8 1.65 0 .73 44
18:2 40 ppm 4 .0 5 .2 0 .18 0.050 28
I I 40 ^ 8 % 3.1 39.1 1 .67 0 .70 42 -
18:3 40 ppm 4 .0 7 .2 0 .25 0 .034 14
1; 37 + 6% 3.1 36 .2 1.55 0 .50 32
— SAMPLE CALCULATION:
„  • T,_ 0, „  _ g o f  N absorbed
Maximum WC.X N -  g S u b s t r a t e
g o f  N absorbed  = (Moles NO  ̂ A bso rbed )(14 .01  g N/mole NOg) 
g NO2  abso rbed  = (Moles NO  ̂ A bso rbed )(46 .01  g NOg/mole NO^)
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D e te r m in a tio n  O f NO2— C y c lo h ex e n e  P ro d u c t Y i e l d s .  The moles o f  
cyclohexene r e a c t e d ,  th e  moles o f  i d e n t i f i e d  p ro d u c ts  formed, and th e  
p e rc e n t  p ro d u c t  y i e l d s  f o r  fo u r  ex perim en ts  a r e  shown in  T ab le  A-3. The 
moles o f  cyc lohexene  and i t s  p ro d u c ts  were measured by GC by s e p a r a t e  
i n t e r n a l  s ta n d a rd  methods (see  e x p e r im e n ta l  s e c t i o n ) ;  th e  p roduc t y ie ld s  
average  97 14%. Only r e l a t i v e l y  h ig h  NO2  c o n c e n t r a t io n s  (below) and
s h o r t  r e a c t i o n  tim es  (up to  2 h o u rs )  were used  to  de te rm ine  p ro d u c t  
y i e ld s  because  e v a p o ra t iv e  lo s s e s  o f  cyclohexene became too  la rg e  and 
u n p r e d ic ta b l e  a t  lower NO2  c o n c e n t r a t i o n s  and lo n g e r  r e a c t i o n  t im e s .  We 
have assumed t h a t  th e  t o t a l  p roduc t  y i e ld  fo r  t h i s  r e a c t io n  i s  c o n s ta n t  
a t  low er NO2  c o n c e n t r a t i o n s ,  a l th o u g h  we have no d a t a  to  su p p o r t  t h i s  
a ssum ption .
T ab le  A-3. Y ie ld  D ata For The R eac tio n  Of NO2  With Cyclohexene.







P ro d u c ts  
Formed 
(moles xlO
P e rc e n t  Run No. 
^) Y ie ld  (JL-V-__ )
N2 7 . 0 3.6 3.4 94 49
Ng 5 . 0 1.9 2 .0 105 54
Og 15. 1.8 1.4 78 614 17. 4 .4 4 .9 111 64
Ave. Yld = 9 7 + 1 4
a .  The moles o f  cyclohexene  r e a c te d  in c lu d e  a v a r i a b l e  c o r r e c t io n  fo r  
th e  cyclohexene  l o s t  by e v a p o ra t io n .  The c o r r e c t i o n  was de te rm ined  
by a s e p a r a t e  experim en t o f  e q u a l  d u r a t i o n  i n  th e  absence o f  NO2 . 
The ex p er im en ts  l a s t e d  from 20 m inu tes  t o  2 h o u rs ,  the  cyc lohexene  
l o s t  by e v a p o ra t io n  v a r i e d  from 5— 20% o f  th e  i n i t i a l  2 .98 x 10" 
moles (6 .6  M, 60% by volume) i n i t i a l l y  p r e s e n t  in  th e  hexane 
s o l u t i o n .
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